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Abstract

This paper studies monetary and fiscal policy transmission in a multi-sector heterogeneous-agent
New Keynesian model with an input-output network (“HANK-IO”). We document systematic
household-sector linkages in micro data and calibrate our model to match them. To identify
when these linkages have implications for policy transmission, we analytically characterize an
as-if benchmark that features a strict decoupling between household and sectoral heterogeneity.
Away from this benchmark, novel earnings and expenditure heterogeneity channels emerge
that govern the propagation of demand and supply shocks. We develop a new decomposition
that allows us to isolate and compute the contributions of distinct dimensions of heterogeneity
to overall policy transmission. The contribution of earnings and expenditure heterogeneity
channels in the transmission to aggregates is small, confirming the quantitative relevance of
our as-if benchmark. In the cross section, we characterize the distributional consequences of
monetary and fiscal policy across households and sectors.
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1 Introduction

Economists have made substantial progress in documenting and modeling the implications of
cross-sectional heterogeneity for policy transmission in disaggregated economies. Recent work
on household behavior has emphasized the importance of heterogeneity in spending propensities
and the incidence of shocks. On the production side, a long tradition of research has documented
sectoral heterogeneity and studied its importance for the propagation of shocks in multi-sector
models. This paper takes as its starting point a set of empirical regularities that point to systematic
linkages between households and sectors at a disaggregated micro level.

Motivated by these stylized facts, this paper proposes a quantitative framework to study
the implications of household-sector linkages for the transmission of monetary and fiscal policy.
We develop a multi-sector heterogeneous-agent New Keynesian model with an input-output
production network, which we call the “HANK-10" model.! Our framework is inspired by both
the burgeoning heterogeneous-agent New Keynesian (HANK) literature (Kaplan et al., 2018) and
the long tradition of multi-sector business cycle models (Long and Plosser, 1983). We analytically
characterize an as-if benchmark that features a strict decoupling between household and sectoral
heterogeneity. Away from this benchmark, novel earnings and expenditure heterogeneity channels
may shape the propagation of demand and supply shocks. After disciplining our model empirically
to match the household-sector linkages we document in micro data, we show that these channels
contribute little to the transmission of policy to aggregates, confirming the quantitative relevance
of our as-if benchmark. In the cross section, on the other hand, our framework suggests large
distributional consequences of policy across households and sectors.

Our baseline economy departs from a canonical HANK model (Auclert et al., 2018) and
enriches its production side by introducing multiple sectors and input-output linkages (Baqaee
and Farhi, 2020). Households face idiosyncratic uncertainty that leads them to make different
consumption, savings, and portfolio decisions (ex-post heterogeneity). We also allow for permanent
differences in household characteristics or types (ex-ante heterogeneity). In particular, household
types may differ in their preferences over consumption goods and their labor endowments. Pro-
duction in our economy takes place across a rich network of sectors, and we allow for sectoral
heterogeneity across factor and input shares, input-output linkages, competitiveness, and price
rigidity. Our key point of departure from the canonical HANK framework is that we allow for
systematic links between household types and production sectors in terms of both earnings and

expenditure patterns. We discipline these household-sector linkages empirically using micro data.

As-if benchmark. We begin our analysis with an instructive as-if benchmark to illustrate concep-
tually under what conditions household-sector linkages may play a role for policy transmission.

Our as-if benchmark assumes that household types all share the same homothetic preferences

L We choose this name in memory of the late Emmanuel Farhi whose work with David Baqaee on heterogeneous-
agent economies with input-output production networks (“HA-IO") has inspired this paper (Bagqaee and Farhi, 2018).



over consumption goods and there is a single labor factor. Under these two assumptions, there
is consequently no role for earnings or expenditure heterogeneity as households are symmetrically
exposed to price inflation and changes in labor demand. Our first main result is that the HANK-IO
model features a strict decoupling between household and sectoral heterogeneity under these
two assumptions. We show that the macroeconomic dynamics of our as-if benchmark admit an
intertemporal IS-LM representation as a system of two forward-looking equations: a dynamic IS
curve that determines output as a function of the time path of real interest rates, and a dynamic LM
curve that pins down real interest rates as a function of future aggregate demand. The dynamic IS
curve is shaped by household but not by sectoral heterogeneity: Given a path of real interest rates,
it takes the same form as the IS equation of a canonical one-sector HANK model. Conversely, the
dynamic LM curve is shaped by sectoral but not by household heterogeneity: It maps a given path
of aggregate demand to the same path of real interest rates as a canonical representative-household
multi-sector model. The as-if benchmark therefore highlights starkly that household and sectoral
heterogeneity are decoupled in this sense in the absence of earnings and expenditure heterogeneity.

Monetary and fiscal policy transmission in the as-if benchmark is characterized by an Intertem-
poral Keynesian Cross. When the monetary authority adopts a rule that neutralizes real interest rate
effects, fiscal policy transmission is governed by the same Keynesian multiplier as in the one-sector
HANK model of Auclert et al. (2018). Intertemporal marginal propensities to consume (iMPCs)
remain a sufficient statistic for the output effects of government spending. This result obtains
in spite of substantial sectoral heterogeneity that is masked by the dynamic LM equation. For a
given path of real interest rates, the aggregate fiscal multiplier is therefore unaffected by sectoral
heterogeneity and, in fact, identical to that in any HANK economy that admits the same IS curve
representation.

Likewise, for a given change in the path of real interest rates, monetary policy transmission is
solely governed by household heterogeneity. The sufficient statistics for policy are again identical to
those in a one-sector HANK economy. Sectoral heterogeneity does, however, affect the transmission
from nominal to real rates, which is governed by the LM curve. Our result shows that once the
monetary authority has implemented a desired path of real rates, the production network structure
of the economy no longer matters for policy transmission—the path of real rates is a summary
statistic for the effect of monetary policy on aggregate activity. These results are manifestations of
our decoupling result under the IS-LM representation: Demand shocks interact with the IS curve
and are shaped by household but not by sectoral heterogeneity.

Finally, we unpack the LM curve and derive an aggregation result that traces the macroeco-
nomic effects of sectoral technology shocks in our as-if benchmark. We decompose the impact on
real GDP into a pure technology effect—accounting for increased productivity of resources at a
given allocation—and changes in allocative efficiency—summarizing the effects on output from a
reallocation of resources across firms and workers. Remarkably, our aggregation result for the as-if

benchmark is identical to that of Bagaee and Farhi (2020). This is despite our economy featuring rich



and dynamic household heterogeneity, whereas theirs is a static representative-household setting.
For given changes in markups and factor shares, the aggregate consequences of microeconomic
technology shocks are not directly shaped by household heterogeneity. In other words, changes
in sectoral markups and the labor income share are sufficient statistics for the implications of

household heterogeneity.

The role of household-sector linkages. Away from the as-if benchmark, household-sector link-
ages shape the transmission of policy and shocks through novel earnings and expenditure hetero-
geneity channels. Our next analytical result characterizes an Intertemporal Keynesian Cross for
monetary and fiscal policy away from the as-if benchmark. When households supply different
labor factors, an earnings heterogeneity channel emerges. It is captured by a cross-sectional covariance
across household types between iMPCs and changes in households’ earnings shares. Earnings
heterogeneity amplifies the aggregate effects of policy when it leads to a redistribution of income
shares to factors (and in states of the world) with large spending propensities.

When households consume different consumption baskets, an expenditure heterogeneity channel
emerges that comprises two distinct effects. A change in the price path of a household’s basket
elicits income and intertemporal substitution effects. If relative prices increase for households
(and in states of the world) with large spending propensities, then the resulting drop in their
effective purchasing power leads to a fall in aggregate consumer spending. This effect is captured
by a covariance across household types between iMPCs and changes in relative bundle prices.
Moreover, when households experience different rates of inflation in their respective bundle prices,
then their effective real rates of return on savings differ as well. The expenditure heterogeneity
channel of policy then also comprises a covariance across households between their relative rates
of inflation and intertemporal interest rate response elasticities. Intuitively, if relative real savings
rates increase for those household types that have large intertemporal elasticities of substitution,
then the aggregate effect of policy is dampened.

Finally, we derive an aggregation result for sectoral technology shocks. Unlike in the as-
if benchmark, gains from allocative efficiency are now shaped by household-sector linkages.
Expenditure heterogeneity has implications for allocative efficiency because changes in purchasing
power affect household labor supply and consequently firms’ cost structure. This new force
is governed by a covariance across household types between factor shares and changes in the
relative price of households’” consumption baskets: If consumer prices increase especially for
those households whose labor factors have large cost-based Domar weights, then output falls
and allocative efficiency deteriorates. Intuitively, when the price of a household’s consumption
bundle increases, a given nominal wage has less purchasing power and the real wage falls. If
prices increase for households whose factors play a dominant role in firms’ cost structures (large
cost-based Domar weights), then output falls. Crucially, the relevant covariance is with respect

to cost-based factor shares because markups drive a wedge between prices and marginal costs.



Earnings heterogeneity also shapes the transmission of technology shocks to allocative efficiency.
When the overall income share falls, households receive less labor income, which elicits a positive
labor supply response and increases output. Heterogeneity in factor share responses can amplify
or dampen the resulting change in allocative efficiency. When factors with the largest cost-based
Domar weights experience a relative decrease in their income share, then resources are reallocated
towards the more monopolized and distorted sectors. The strength of this effect is governed by
households’ labor supply elasticities.

Our results point to an important conceptual distinction between demand and supply shock
propagation in HANK-IO. What matters for the aggregation of sectoral technology shocks—in
particular their transmission through changes in allocative efficiency—are covariances with respect
to cost-based factor shares. Gains from allocative efficiency result from a reallocation of resources to
relatively more distorted and monopolized sectors. The cost-based factor share precisely captures
those markups that drive a wedge between prices and marginal costs, and it is the appropriate
measure to capture whether resources find more productive uses. The transmission of monetary
and fiscal policy (demand) shocks, on the other hand, is determined by covariances with respect
to iMPCs. Intuitively, demand propagation is governed by spending propensities in response to

changes in income and prices.

Empirical and quantitative analysis. Drawing in parts on existing and novel results, we docu-
ment empirical regularities that speak to systematic linkages between households and sectors at
the micro level. On the expenditure side, higher-income households spend relatively more on
sectors that (i) have higher labor and intermediates shares but a lower capital intensity, (i) are
more price-rigid, (iif) are more network-central, (iv) have higher markups, (v) a higher government
spending share, as well as (vi) a higher investment share. On the earnings side, we show that
higher-income households earn relatively more from sectors that (i) have higher intermediates and
capital shares but a lower labor share, (ii) are less price rigid, (iii) are more network-central, (iv)
have higher markups, (v) a higher government spending share, and (vi) a higher investment share.
While these empirical regularities point to a potential role for the interaction of household and
sectoral heterogeneity in the propagation of shocks, we currently lack a framework to assess their
quantitative importance.

We develop a quantitative model that matches these empirical regularities on household-
sector linkages by enriching our analytical baseline model along two dimensions, introducing
capital as an additional production factor and nonhomothetic CES consumption preferences.
Allowing households to trade a second, illiquid asset is important to match the intertemporal
marginal propensities to consume that govern the new earnings and expenditure heterogeneity
channels of monetary policy. Explicitly modeling capital investment also allows us to capture
the concentrated investement network documented by Vom Lehn and Winberry (2022). Finally,

estimating a nonhomothetic CES demand system allows us to match empirical expenditure patterns



Monetary Policy Transmission in HANK-IO
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Figure 1. Decomposition of Monetary Policy Transmission in HANK-1IO

across the income distribution (Comin et al., 2021). We calibrate our model to match the income
and wealth distribution of households as well as key moments of sectoral heterogeneity across a
22-sector production network.

Our main quantitative result is that earnings and expenditure heterogeneity channels con-
tribute little in the transmission of policy to aggregates. This finding establishes the quantitative
relevance of our as-if benchmark. To obtain this result, we introduce a new additive decomposition
that allows us to isolate and compute the contributions of distinct dimensions of heterogeneity to
overall policy transmission. The transmission of monetary policy in our quantitative HANK-IO
model operates through 13 channels, which we illustrate in Figure 1. Crucially, our decomposition
allows us to associate a transmission channel with the dimension of heterogeneity from which it orig-
inates. Five of the transmission channels would also be operative in the representative-household
(RANK) limit of our economy (colored blue in Figure 1). Sectoral heterogeneity (RANK-IO) intro-
duces a new expenditure-switching transmission channel (green). In the presence of household
heterogeneity (HANK), five new transmission channels emerge (orange). Finally, the interaction
between household and sectoral heterogeneity (HANK-IO) accounts for two new channels of policy
transmission due to earnings and expenditure heterogeneity (red).

Our decomposition has the desirable property that it is internal to the model, decomposing the

transmission channels operative within our quantitative model. It does not require the computation



and re-estimation of external model comparison benchmarks. Such external comparisons introduce
a great degree of discretion on behalf of the researcher and often lack transparency as a result.
Our decomposition, on the other hand, allows us few—if any—degrees of freedom. It shares
this property with the transmission decomposition of Kaplan et al. (2018) into direct and indirect
channels. Relative to their work, we show how to isolate the contribution of distinct dimensions of

cross-sectional heterogeneity.

Related literature. Our paper builds on much previous work that has documented and studied
the implications of household and sectoral heterogeneity.

Sectoral heterogeneity. We contribute to a long tradition of research on the transmission and
propagation of shocks in multi-sector business cycle models. Starting with Long and Plosser (1983),
much work has employed structural real business cycle models to assess quantitatively whether
sectoral technology shocks can account for observed business cycles patterns.” An important
strand of this literature characterizes the aggregation properties of these models.’ It has long
been appreciated that Hulten’s theorem applies to first order around efficient allocations and the
aggregation of sectoral shocks is governed by sales shares (Domar weights). This literature has
recently been reinvigorated with renewed focus on misallocation and potential gains in allocative
efficiency in inefficient economies with distortions.* In an important contribution, Bagaee and Farhi
(2020) derive an aggregation result for inefficient multi-sector economies with network linkages
and arbitrary distortions. See Bagaee and Rubbo (2022) for a recent review.

Another strand of the multi-sector business cycle literature introduces nominal rigidities
in the New Keynesian tradition.” Many of these papers investigate the implications of sectoral
heterogeneity and input-output linkages for monetary policy and inflation dynamics. Baqaee et al.
(2021) show that monetary policy can have supply-side effects and operate through a misallocation
channel when policy redirects resources towards more monopolized sectors. Rubbo (2022) studies
a general multi-sector representative-agent New Keynesian model and shows that sectoral and
aggregate Phillips curve slopes decrease in intermediate input shares. She shows that a divine
coincidence price index provides a better fit in Phillips curve regressions than consumer prices.

Relative to existing work, we develop a dynamic structural model featuring rich heterogeneity
across both households and sectors. We emphasize the role of systematic household-sector linkages
observed in micro data that give rise to novel transmission channels. Analytically, we derive

an Intertemporal Keynesian Cross to characterize monetary and fiscal policy in the presence of

2 Among many others, see Bak et al. (1993), Horvath (2000), Foerster et al. (2011), Atalay (2017). While these papers
focus on sectoral input-output linkages, recent work by Vom Lehn and Winberry (2022) studies the role of the investment
network in propagating sectoral shocks.

3 See for example Hulten (1978), Horvath (1998), Dupor (1999), Gabaix (2011), Acemoglu et al. (2012), Carvalho
and Gabaix (2013), Acemoglu et al. (2017). Also see Carvalho (2014) and Carvalho and Tahbaz-Salehi (2019) for recent
surveys.

4 See Restuccia and Rogerson (2008), Hsieh and Klenow (2009), Midrigan and Xu (2014), Baqaee and Farhi (2019),
Liu (2019), Bigio and La’O (2020), Clayton and Schaab (2022), and many more.

5 See among others Aoki (2001), Bouakez et al. (2009), Pasten et al. (2017, 2020), and Baqaee et al. (2021).



household-sector linkages, and we extend the aggregation result of Baqaee and Farhi (2020) to a
multi-sector heterogeneous-agent New Keynesian model. Quantitatively, we assess the importance
of earnings and expenditure heterogeneity for policy transmission.

Household-sector linkages. Our paper contributes to research studying the interaction of house-
hold and sectoral heterogeneity. Indeed, we take as our starting point and motivation the large
body of empirical work that studies earnings and expenditure heterogeneity across households.® A
strand of this literature explicitly documents systematic household-sector linkages through earnings
and expenditure patterns.” Relative to this empirical literature, we document several new empirical
regularities on household-sector linkages. Our main contribution is to develop a structural model
that matches these facts and to establish the quantitative importance of household-sector linkages
for policy transmission.

Our paper is naturally related to a small but growing body of research that studies disaggre-
gated economies featuring both household and sectoral heterogeneity, starting with Bagaee and
Farhi (2018).% The contribution of our paper is to develop a dynamic structural framework that is
apt for quantitative analysis. We leverage the sequence-space representation of our model to obtain
analytical results even though our economy features rich and dynamically evolving heterogeneity.

HANK. The burgeoning HANK literature studies the implications of household heterogeneity
for business cycles and policy transmission.” Our contribution is to unbundle the production side
and introduce sectoral heterogeneity to this literature. We extend the Intertemporal Keynesian
Cross (Auclert et al., 2018) to an environment with rich sectoral heterogeneity and characterize the
implications of household-sector linkages. Monetary and fiscal policy transmission is governed by

earnings and expenditure heterogeneity channels, as well as a supply-side misallocation channel.

2 A Baseline HANK-IO Model

In this section, we develop a new multi-sector heterogeneous-agent New Keynesian framework
with input-output linkages, which we call the “HANK-IO” model. Time is discrete and indexed by
t € {0,1,...}. We abstract from aggregate uncertainty and focus on one-time, unanticipated shocks.

Our model features heterogeneous households and multiple sectors. Households differ in terms of

6 See among many others Kaplan and Schulhofer-Wohl (2017), Jaravel (2019), Cravino et al. (2020), Jaravel (2021),
Comin et al. (2021), and Andersen et al. (2022).

7 Cravino et al. (2020) and Clayton et al. (2018) show that higher-income households spend in and earn from relatively
price-rigid sectors. Hubmer (2023) documents that high-income households spend in sectors with higher labor shares.
Jaravel (2019) shows that high-income households spend in sectors with higher markups.

8 Most of these papers study the propagation of shocks in static environments (Flynn et al., 2022; Guerrieri et al.,
2022; Andersen et al., 2022). Clayton et al. (2018) assess the importance of heterogeneity in price rigidity across sectors in
a quantitative multi-sector HANK model. Yang (2022) computes optimal monetary policy in a HANK model where
inflation has redistributive effects through households’ consumption baskets, nominal wealth positions, and earnings
elasticities to business cycles. Bellifemine et al. (2022) characterize an Intertemporal Keynesian Cross in a HANK
economy with regional heterogeneity.

? Important contributions include, among many others, McKay and Reis (2016), McKay et al. (2016), Kaplan et al.
(2018), Auclert (2019), and Auclert et al. (2018).



their permanent characteristics (ex-ante heterogeneity), and they face idiosyncratic uncertainty that
leads them to make different consumption, savings, and portfolio decisions (ex-post heterogeneity).

In our description of household behavior for a given type i, we deliberately stay close to
McKay et al. (2016) and Auclert et al. (2018). Our key point of departure from the canonical
HANK framework is that we allow for systematic links between household types i and different
production sectors n—in terms of both earnings and expenditure patterns. We later discipline
these household-sector linkages empirically using micro data in Section 4. The quantitative HANK-IO
model we bring to the data in Section 4 also features illiquid assets in the tradition of Kaplan et al.
(2018), which we abstract from here.

2.1 Households

The economy is populated by a set of types i € Z of households. We denote their measure by p; and
assume ) ; 4; = 1. Household types differ in terms of their permanent characteristics. In addition to
ex-ante heterogeneity across types, our baseline model allows for ex-post heterogeneity in earnings
potential (z) and wealth (2) within types. We can therefore uniquely identify a household of type i
with the two state variables (g, z), and we denote the cross-sectional income and wealth distribution
for i by gi;(a,z).

All households purchase consumption goods from and supply labor across N production

sectors. The preferences of a household of type i are ordered according to

5 u(feu)) ()] »

where ¢;;; denotes the household’s consumption of good j and n;; denotes hours worked. All
households of type i are endowed with and supply a distinct labor factor, which we refer to as
factor i for simplicity. Preferences are separable across time and between consumption and work.

Crucially, we allow preferences to vary across household types but not across households within a

type.

Expenditure heterogeneity. We assume that households’” consumption preferences can be rep-
resented by a homothetic aggregator. Abusing notation slightly, utility from consumption for a
household of type i can then be written as u;(c;;), where ¢;; = Di(ci14, - - -, ¢int) is the household’s
consumption basket, which we assume is CES. This allows us to construct an ideal price index P; ;

for each household type i, satisfying
Piscip =Y pisCijpr
j

where p;; is the price of good j in terms of numeraire. While households of the same type i share

the same homothetic aggregator D;, we allow for differences across types that will give rise to



expenditure heterogeneity.

Budget constraint. Households can trade a single asset, a bond, and face a nominal budget
constraint of the form
Pidijy = (1+i1)Pradiy 1 + Eip — Pisciy,

where B, is the price in which bonds are denominated, i;_; is the nominal interest rate between
periods t — 1 and t, and E;; denotes the household’s nominal non-financial income, which we
discuss below.

It will be convenient to work with a real budget constraint in terms of the household’s effective
purchasing power, which is proportional to P;;. To that end, we introduce the household’s effective

real rate of return on savings,

N
Riy = (1+ig = 2)
i

as well as real non-financial income, ¢;; = P%Ei,t. The household budget constraint can then be
1
rewritten as

aip = Rip1aip-1+ ey —Ciy, 3)

7

where a;; = ll,j—ftﬁi,t is a measure of wealth that reflects household purchasing power. Households

also face a borrowing constraint of the form
aj; > a;.

While borrowing constraints may potentially vary across types, we assume that they are specified
in terms of a;,; rather than 4, ; and reflect household purchasing power.

The household budget constraint (3) is useful because it directly encodes households” expen-
diture heterogeneity in two places: First, real rates of return on saving differ across households in
our model. While all households are exposed symmetrically to changes in nominal interest rates
and aggregate inflation, each household’s optimal consumption-savings decision will also depend
on inflation in the relative price of her consumption basket. Second, equation (3) directly deflates
the household’s nominal non-financial income by the price of her consumption basket, ﬁ As will
become clear in Section 3, expenditure heterogeneity is a key driving force of monetary and fiscal

policy transmission through both of these channels.

Labor markets. Household labor supply decisions are intermediated by labor unions (Erceg et al.,
2000; Auclert et al., 2018). While we allow for flexible nominal wage adjustments, we maintain the
standard assumption of labor rationing. Concretely, all households of type i supply the same hours

of work in equilibrium, which we denote for all (4, z) by

ni¢(a,z) = Nj;.



We present a detailed discussion of our model’s labor market structure in Appendix A.1 and
show there that the effective labor supply schedule of household type (labor factor) i is

ev —1

v'(Niy) = wi ' (Cig), 4)
where C; ; denotes aggregate consumption of all households of type i, Ciy = [[ ¢i¢(a,2)gi+(a,z) dadz.
Finally, € is an elasticity of substitution that governs unions” desired markup of real wages over

marginal rates of substitution. It is therefore a measure of monopsony in the labor market.

Earnings heterogeneity. Households” non-financial pre-tax income comes from three sources:
labor income, corporate dividends, and fiscal taxes and transfers. We follow Heathcote et al.
(2017) and Auclert et al. (2018) in modeling post-tax income in terms of a retention function that

empirically captures U.S. tax progressivity and takes the form

1-A
Ei=m1 (Zwi,tNi,t + Znt> , )

where (A, ;) parameterize the implied tax system and are exogenously given as a part of fiscal
policy. A household of type i and with idiosyncratic labor productivity z earns nominal pre-tax labor
income zW;;N; ;, where W; ; is the nominal wage paid to labor factor i. Notice that all households
of type i work N;; hours due to labor rationing. At the same time, we also assume that aggregate
nominal corporate profits I; are paid to households in proportion to z.'

We further discuss earnings and expenditure heterogeneity below in Section 2.5.

2.2 Production with Input-Output Linkages

Our economy comprises N production sectors. To introduce nominal price rigidity in a tractable
manner, we model each sector following the standard New Keynesian model as comprising a
retailer and intermediate firms whose dynamic pricing problem gives rise to sectoral Phillips curves.
For expositional convenience, we frontload discussion of firms’ pricing problem and the resulting

Phillips curve, before discussing production function and network details.

Retailer. Each sectoral good j is bundled by a retailer using varieties k from a continuum of

monopolistically competitive firms according to a CES aggregation technology,

Yt = </ }/]kj dk) ,

10" We could allow for a more general dividend ownership structure of the form ¢; ;(z,I1;) at the expense of some
expositional clarity.

10



where the elasticity of substitution €; is a measure of monopolistic competition in sector j. The

retailer’s demand for inputs from firm k in sector j is given by

Yikr = (p]kt> _ey‘t (6)
75 Pj,t ]ty

where pji ; is the price of firm k in sector j, and p;; is the price of sector j’s “final” good, which we

simply refer to as good j going forward.

Dynamic pricing decision. Each firm k in sector j is monopolistically competitive and sets its

price pj; to maximize the net present value of future profits. The firm faces a Rotemberg (1982)
Pkt
Pikt-1
is then to maximize the net present value of appropriately discounted profits net of adjustment

adjustment cost when changing its price, which is given by % ( —1)p; sy The firm’s problem

costs and subject to equation (6). We state this problem formally in Appendix B.6 and derive its

solution, which can be summarized by a set of linearized sectoral Phillips curves,

€]‘ 6]' -1
Ty = BTt + ;] mcjy — & , (7)

Pjt
Pjt—1
(7) express current inflation in terms of (expected) future inflation and current real marginal cost

that characterize the price dynamics in sector j, with 77;; = — 1. The sectoral Phillips curves
mcj;, which we further discuss below.

In the derivation of the sectoral Phillips curve, we leverage symmetry across all firms within a
sector: With Rotemberg adjustment costs, all firms in a sector remain symmetric ex post as long as
they are all initialized with the same price pj;, 1. We make this assumption as part of our definition
of competitive equilibrium and use it in the remainder of this paper. In particular, symmetry within

sectors allows us to represent the entire production structure of the economy at the sectoral level.

Production structure. By symmetry, all firms k in sector j are identical. This allows us to character-
ize the production network at the sectoral rather than the firm level. For expositional convenience,
we proceed as if production decisions in sector j were taken by a representative firm, taking as
given the evolution of sectoral prices in accordance with (7).

Goods in sector j are produced using a constant-returns technology represented by the sectoral

Yjr = Aj,tﬂ({xjk,t}k, {Nji,t}i) 8)

where A;; is a Hicks-neutral technology shifter, and x;; and Nj; ; respectively denote firm j’s uses

production function

of intermediate inputs from sector k and labor factor i. We define sectoral profit as total revenue

11



p;+y;+ net of operating expenses, that is
[ = pieyie — Y Pra¥jee — 3 WitNjie = pieyje — Cig,
k i

where we denote by C;; the sector’s total cost."! The real marginal cost of sector j is then given by

and is a function of technology and prices, mc;; = mc;(Aj, { Pt} AWit }i)-

2.3 Government
Monetary policy. The monetary authority sets the path of nominal interest rates. We take {i; };>0

as exogenously given and study monetary policy shocks, i.e., perturbations di;.

Fiscal policy. The fiscal authority sets an exogenous path for aggregate government spending
{Gt}t>0 and tax revenue {T; };>o. Like households, the government spends on goods from all N
sectors. We assume that aggregate government spending is a homothetic aggregator of sectoral
expenditures given by G; = G({G;};), which we assume is CES. There then exists a fiscal price

index PP that satisfies
PtGGt = ij,tG',t-
j

Fiscal policy may be debt-financed, subject to an intertemporal budget constraint that ensures

fiscal sustainability. Nominal government debt outstanding B; then evolves according to

By = (1—i;—1)Bi1+ ) pjuGjs — Tr. )
j

To raise desired revenue T}, the government sets tax policy 7; according to

T, = ZW // (zWi,tNi,t + zITy — T (zW; N s + th)l’)‘>gi,t(a,z) dadz.
i

24 Markets and Equilibrium

Equilibrium in our economy requires that the markets for each sectoral good j, the markets for each

labor factor i, and the market for bonds clear. Goods market clearing in sector j requires that total

1 1n the appendix, we formally characterize the dual of the firm’s profit maximization problem in terms of the cost
function Cit See also Baqaee and Farhi (2020).
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production be equal to total use, in real terms, so that
N
Yie = Cie + 2 Xijt + Gits (10)
i=1

where Cjy = Y, [[ cij+(a,2)gis(a,z) dadz is total consumer spending on good j and Y\ ; x;; de-
notes all spending on good j as an intermediate input in production by all other sectors. Labor
markets clear when hours worked by households of type i are equal to firms’ labor demand for

factor i. That is, when
uiNiy = ZNji,t/ (11)
j

where N;; denotes hours worked by a single household of type i, whose total mass in the economy
is p;. Finally, the bond market clears when the nominal net asset position of the household sector is

equal to the government’s outstanding nominal debt, that is
ZPM // agit(a,z)dadz = By. (12)
i

We conclude the description of our baseline model with the definition of competitive equilibrium.

Definition (Competitive Equilibrium). Given a symmetric initial price distribution p; 1, initial govern-
ment debt B_q, and an initial cross-sectional distribution g; _1(a, z), and taking as exogenously given paths
for sectoral technology {A;;} as well as monetary and fiscal policy {i;, G, Tt} satisfying (9), the competi-
tive equilibrium of the HANK-IO model consists of sequences of prices {rt, pj 1, Wi}, sectoral allocations
{Yjt, Xjk ¢, Nji i }, individual allocation rules {c;;(a,z),nis(a,z),a;:(a,z)}, and cross-sectional distribu-
tions {g; +(a,z)} such that: households optimize, unions optimize and labor is rationed, firms optimize, and

markets clear.

2.5 GDP, Network Objects, and Sufficient Statistics

Nominal and real GDP. We define nominal GDP as the sum of all expenditures on goods for

final use, that is

nominal GDP =Y} = Z Pj,t(cj,t + G]?t)‘
i

Final expenditures shares are then defined as the share of a good j in nominal GDP,

b PtCit + pjtGi
jt = Yn .
t
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It is conceptually challenging to define real GDP in levels in the presence of expenditure hetero-
geneity. We therefore characterize our analytical results in Section 3 in terms of changes in real
GDP, given by

dlogY; = Y b;, (d log Cj + dG]-,t>
j
around an initial stationary equilibrium where government spending is zero. Changes in the GDP

deflator are then given by

dlog P, = Z bjdlogpj;.
j

Finally, we take as our numeraire nominal GDP in steady state Y, = 1.

Domar weights and input-output matrices. We define the revenue-based Domar weight of sector

jas

PitYjt
)L't == .
] Ytn
For factor Domar weights, we use A, ; instead, which is defined as the income share in nominal
GDP,

V'W',tN',t
]/liAi,t = %tﬂl’

which corresponds to all firms’ total spending on labor factor i relative to nominal GDP.

Sufficient statistics for earnings and expenditure heterogeneity. We now introduce two objects
that we later show are sufficient statistics for the implications of expenditure and earnings hetero-
geneity for policy transmission. We introduce a measure of relative household purchasing power

(relative price), which is
D
pl,t Pt 7
so that we have dlogp;; = dlog P;; — dlog P;. We also introduce a measure of relative household
earnings given by

Cir =1+ A —Ei(Aiy),

where A;; is household (factor) i’s income share. Notice that [E;({;;) = 1, so §; ; is a cross-sectional
dispersion measure of households’ non-financial income. Also, E;(A;;) = Y; pi/\;; denotes the
average Domar weight of labor factors in the economy, so that 1 — E;(A;;) corresponds to the
profit share in nominal GDP and is thus a measure of the aggregate markup. There are two useful
interpretations of our earnings heterogeneity measure ¢;;. First, 1 + A;; — E;(A;;) is the aggregate
markup plus the Domar weight for factor i. Second, we can also interpret it as 1 plus the Domar

weight of factor i relative to the mean Domar weight for labor.

14



Intertemporal MPCs and interest rate elasticities. Following Auclert et al. (2018), we define the

intertemporal marginal propensity to consume (iMPC) for household type i as

aCi;

M; ts —
! aeis'

which is the propensity to consume at time t out of a marginal increase in unearned income at time s

for households i. Likewise, we define the interest rate response

Mr _ aci,t
its = .
oris

as the propensity to consume at time t out of a change in the effective real borrowing rate of households
i at time s. We collect iMPCs and interest rate responses in the matrices M; and M], whose tsth

elements are respectively given by M; ;s and M ,._.

3 Analytical Results

Our results in this section make reference to two instructive benchmarks that are nested by the

model of Section 2. We briefly describe these now.

HANK benchmark. Our multi-sector model nests a canonical heterogeneous-agent New Key-
nesian model with a single production sector, N = 1, and a single labor factor, which we refer
to as the “"HANK benchmark”. With a single good, all households face the same consumption
price index P;; = P, = p1+, which is also equal to the price at which the good is sold by retailers.
Similarly, with a single labor factor, all households work the same hours, N;; = N;. As a result,
there is neither earnings nor expenditure heterogeneity in the sense that p;; = ¢;; = 1. Auclert et al.

(2018) show that equilibrium in this HANK benchmark can be summarized by the equation
Y =N ({Y - T re}) + Gy, (13)
where CHANK(.) denotes the aggregate consumption function.

RANK-IO benchmark. The model of Section 2 similarly nests a canonical multi-sector representative-
agent New Keynesian model, which we refer to as the “RANK-IO benchmark” (Bouakez et al.,
2009; Pasten et al., 2020; Baqaee et al., 2021). With a representative household, there is only one
labor factor and a single consumption price index P;. Aggregate consumption satisfies a standard
Euler equation of the form u/(C;) = BRy41u’(Ci11). The real interest rate in this benchmark admits

a sequence-space representation

re = RRANKIO((y_ G il A }), (14)
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which determines the real interest rate at time ¢ as a function of the time paths of aggregate activity
and policy shocks.

3.1 An “As-If” Benchmark

We start our discussion of policy transmission in the HANK-IO model by considering an instruc-
tive as-if benchmark that obtains when we shut down earnings and expenditure heterogeneity
across types. The as-if benchmark highlights starkly under which conditions the interaction be-
tween household and sectoral heterogeneity matters and household-sector linkages affect policy

transmission. Formally, we make two assumptions in this subsection.

Assumption A1. The consumption preferences of all household types are represented by the same
homothetic consumption aggregator. That is, u;(-) = u(-) and D;(-) = D(-).

Under Assumption Al, all households aggree on the same consumption bundle price index, which
we can denote by P;; = P;. This also implies that there is no expenditure heterogeneity and p;; = 1.
Under symmetric consumption preferences, we can also use P; to unambiguously define real GDP

in levels, i.e., Y/' = P;Y;.
Assumption A2. All households are endowed with and supply a single labor factor.

Under Assumption A2, households of all types work the same hours, which we can denote
N;;t = N, and face the same nominal wage, W;; = W;. There is consequently no earnings
heterogeneity and ¢;; = 1.

These two assumptions together imply that the consumption function of households in
equilibrium admits the sequence-space representation ¢;;(a,z) = c;(a,z, {Ys — T;, 75} ). We denote
by rs = i; — 715 the net real interest rate defined in terms of inflation in the price index Py and by
Y; — T the aggregate after-tax real income received by households. In other words, all households
face the same price of intertemporal substitution, r;, and the exposure of their non-financial income
to aggregate activity can be summarized simply by Y; — T;. As a result, intertemporal MPCs are

symmetric, with M; = M for all types i.

Proposition 1 (Intertemporal IS-LM Representation). Assume that all households have the same homo-
thetic preferences over consumption goods (A1) and there is a single labor factor (A2). Then, our HANK-1O

economy admits an intertemporal 1S-LM representation, given by
Y = CHANK({YS — 1T, rS}SZt) + G (15)

ry = RRANK_IO ({Ys/ Gs/ Ts/ iS/ Aj,s}sZO) s (16)
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where {Gs, T, is } are exogenous policy perturbations and {A;} denotes exogenous technology shocks.

Our as-if benchmark features a complete decoupling between household and sectoral heterogeneity
in the following sense: Household heterogeneity only matters for the determination of aggregate
demand Y}, while sectoral heterogeneity only affects the determination of the real interest rate r;.

Under assumptions Al and A2, the HANK-IO model’s competitive equilibrium admits an
intertemporal IS-LM representation as a system of two forward-looking equations: the dynamic IS
curve (15) and the dynamic LM curve (16). According to Proposition 1, the dynamic IS curve is
shaped by household but not by sectoral heterogeneity: Given a path of real interest rates {rs }s>¢,
it takes the same form as the IS equation of the one-sector HANK model (13). Conversely, the
dynamic LM curve is shaped by sectoral but not by household heterogeneity: It maps a given path
of aggregate demand {Ys}s>t to the same path of real interest rates as the representative-household
multi-sector RANK-IO model. In this sense, the determination of aggregate demand is unaffected
by sectoral heterogeneity taking as given a path of real interest rates, while the evolution of real
interest rates is independent from household heterogeneity taking as given a path of aggregate
activity. In other words, household and sectoral heterogeneity respectively shape the demand and
supply sides of the as-if economy but do not interact with each other beyond that.

We now leverage Proposition 1 to characterize the transmission of stabilization policy and
the aggregate effects of sectoral shocks in the as-if economy. These results will serve as important
reference points when we revisit the same questions in the presence of earnings and expenditure
heterogeneity in Sections 3.2 and 3.3. Here and throughout, we use bold-faced notation to denote
time paths, so dY = {dY; }s>0.

Corollary 2 (Fiscal Policy). Under a monetary policy rule that stabilizes the real interest rate, dr = 0,
the effect of an untargeted fiscal policy shock {dG,dT} on activity dY is characterized by the Intertemporal
Keynesian Cross

dY = dG — MdT + MdY. (17)

If M is a linear map with (I — M)M = I, then the solution of (17) is dY = M(dG — MdT)."?

The as-if benchmark of our economy admits the same Intertemporal Keynesian Cross characteri-
zation of untargeted fiscal policy shocks as the canonical one-sector HANK model (Auclert et al.,
2018).'* In particular, the iMPC matrix M remains a sufficient statistic for the effects of fiscal policy.

It is observationally equivalent to that in the one-sector HANK model.

12 We assume throughout that all sequences are bounded and that GE multipliers such as M exist.

13 Untargeted fiscal policy refers to a shock to aggregate spending dG, holding constant spending weights, as distinct
from a shock to sectoral spending dG;. The sectoral expenditure responses under untargeted fiscal policy implied by dG
are governed by the homothetic government spending aggregator G(-). We study targeted fiscal spending shocks in our
quantitative analysis in Section 4.
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This result obtains in spite of substantial sectoral heterogeneity that is masked by the dynamic
LM equation. When monetary policy neutralizes indirect effects through the real interest rate, un-
targeted fiscal policy is entirely unaffected by sectoral heterogeneity. In particular, fiscal multipliers
in our as-if benchmark are identical to any HANK economy without sectoral heterogeneity that
admits a representation of the aggregate consumption function as in (15).

Sectoral heterogeneity does, however, affect the monetary policy response di that is necessary
to neutralize real rates since this policy rule is governed by the dynamic LM equation. In fact,
the nominal interest rate rule di is determined solely by the dynamic LM curve, taking as given
aggregate demand {Y;}, which implies that it is governed by sectoral but not by household
heterogeneity.

Corollary 3 (Monetary Policy). The response of real GDP dY to a real interest rate perturbation {dr}
effected by monetary policy is characterized by the Intertemporal Keynesian Cross

dY = M'dr + MdY. (18)

If M is a linear map with (I — M) M = 1, then the solution of (18) is dY = M(M"dr).

For a given change in the real interest rate, dr, the effect of monetary policy on aggregate activity is
again completely independent of sectoral heterogeneity and solely shaped by household hetero-
geneity. In particular, the iMPC and interest rate response matrices that appear in Corollary 3, M
and M’, are equivalent to their counterparts in the one-sector HANK economy.

Sectoral heterogeneity does, however, affect the transmission of nominal interest rate shocks,
di, to the real interest rate, dr. In particular, heterogeneity in price rigidities and other sectoral
variables does shape the strength of interest rate policy, i.e., monetary non-neutrality, but only
through its transmission to real rates. Corollay 3 demonstrates that the path of real interest rates
is a summary statistic for the effect of monetary policy on aggregate activity. Once the monetary
authority has implemented a desired path of real rates, the production network structure of the

economy no longer matters for transmission.

Corollary 4 (Aggregating Sectoral Technology Shocks). The response of real GDP to sectoral technology

shocks is . .
+1 5 i/ U
dlogYy = —— Adlog Ay ———— Adl — ——dlog A 19
ogXr= -, Adlog A —o Adlog = oo dlog A (19)
Pure Technology Effect Change in Allocative Efficiency
where v = —7&;7(/23(5)“) and y = 71\]5;,”(';\%:’;5)

Corollary 4 is an aggregation result that traces the macroeconomic effects of microeconomic sectoral
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technology shocks, with A; = (A14,...,ANyt). As in Baqaee and Farhi (2020), equation (19)

decomposes the impact on real GDP into two effects. The pure technology effect holds fixed the

resources employed by firms and workers, and measures the change in output that results from the

increased productivity of given resources. The second effect represents the change in allocative

efficiency and summarizes the effect on output from a reallocation of resources across firms and
Pjt

workers. We denote by yj; = ;2 the time-varying markup in sector j, so that d log yi; captures the
1/

endogenous response of sectoral markups. Finally, since there is a single labor factor in our as-if
benchmark, dlog A; is the change in the labor income share.

It is remarkable that equation (19) is virtually identical to the aggregation result of Bagaee and
Farhi (2020).!* This is despite our economy featuring rich and dynamic household heterogeneity,
whereas theirs is a static representative-household setting. Corollary 4 therefore underscores further
that the as-if baseline of our HANK-IO economy features a strict decoupling of household and
sectoral heterogeneity: For given changes in markups and factor shares, the aggregate consequences
of microeconomic technology shocks do not directly interact with household heterogeneity. In
other words, changes in sectoral markups dlog y; and the labor income share d log A; are sufficient
statistics for the implications of household heterogeneity. Our key result in Section 3.3 is that this
simple benchmark is no longer valid in the presence of systematic household-sector linkages: With
earnings and expenditure heterogeneity, the Bagaee and Farhi (2020) aggregation result must be
augmented to account for household heterogeneity.

The importance of allocative efficiency is tightly linked to nominal rigidities. In the flexprice
limit of our as-if benchmark, where markups are positive but constant, equation (19) becomes

1+7 -
dlog Yiex — — T 1T X qloe A;. 20
0g I} o 0og At (20)

This flexprice aggregation result still features two key departures from the canonical Hulten’s
theorem, according to which the macroeconomic effect of a sectoral technology shock is proportional
to that sector’s revenue-based Domar weight, A. First, the importance of sectoral technology shocks
is governed by the cost-based Domar weight Aj = pjA; = eje—il/\]-. Second, the standard Hulten’s

theorem applies in settings with inelastic factor supply. The multiplier % accounts for elastic
labor supply, with the elasticities # and ¢y governing the household labor supply curve. When we
allow for appropriate sectoral employment subsidies to offset steady state markups, y; = 1 for all j,
a variant of Hulten’s theorem extended to elastic labor supply applies in the as-if benchmark with

flexible prices. In this case, production is efficient and aggregation on the production side of the

4 In their baseline model, Bagaee and Farhi (2020) derive the aggregation result dlogY = Ad log A — Ad logu —
Adlog A. There are minor differences between our result and theirs. First, our setting is dynamic but equation (19)
holds in each period. Second, we allow for elastic factor supply, which accounts for the presence of the elasticities # and
7. Bagaee and Farhi (2020) extend their main result to elastic factor supply in Appendix H.2 and equation (19) mirrors

their extended formula. Finally, markups in our setting are endogenous and result from nominal rigidities. Nonetheless,
Corollary 4 underscores that the importance of changes in markups are captured in reduced form by %;\, as in Baqaee
and Farhi (2020). Also notice that cost-based factor shares always sum to 1, and so A =1witha single factor.
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economy is again governed by revenue-based Domar weights despite rich household heterogeneity.

3.2 An Intertemporal Keynesian Cross with Earnings and Expenditure Heterogeneity

Section 3.1 characterizes policy transmission and the aggregation of sectoral shocks in an as-if
benchmark that shuts off earnings and expenditure heterogeneity. We are now ready to study the
implications of household-sector linkages in the full HANK-IO model of Section 2.

Our main result in this subsection characterizes an Intertemporal Keynesian Cross for mon-
etary and fiscal policy. We derive our result to first order around a stationary equilibrium with
no government spending, Gss = 0, and we take as our numeraire initial nominal GDP, Y = 1.
For notational simplicity, we drop time subscripts for variables evaluated at steady state, so that
¢i = Ciss denotes the earnings share of type i in stationary equilibrium. For tractability, we assume
that A = 0 and we denote iMPC and interest rate response matrices in terms of log changes, i.e.,

S dlogC;;
Mz,ts ~ dloge;s -

Proposition 5 (Intertemporal Keynesian Cross in HANK-IO). The aggregate effects of fiscal and

monetary policy are characterized by

Multiplier As-If Benchmark
——

(I —M;)dlogY = PcdG — M;dT + M/dr

—|—Covi<zgi, d{fi) — Covi<M,', dpl) — Cov; (Mir,dlogApl)

Earnings Heterogeneity Expenditure Heterogeneity: Expenditure Heterogeneity:
Income Effect Intertemporal Substitution Effect

where M; = E;(P,C;M;) and M] = E;(P;,CiM]) are the cross-sectional weighted average iMPC and

interest rate response matrices.

Proposition 5 characterizes the implications of household-sector linkages for policy transmission.
Three new effects emerge relative to the transmission channels already operative in our as-if
benchmark.

The first new effect is an earnings heterogeneity channel that emerges when households supply
different labor factors. It is captured by a cross-sectional covariance across household types between
iMPCs M; and changes in earnings shares d¢;. Using its definition, we can rewrite the change in
earnings shares as d¢; = d(A; — E;A;), i.e., the change in factor i’s income share net of the change in
the profit share or aggregate markup in the economy. And since the earnings heterogeneity channel
is governed by a covariance across household types, we are then simply left with Covi(%, dA;).

Intuitively, this is because we assume all household types have symmetric exposure to corporate
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dividends. Changes in earnings shares are thus entirely explained by changes in factors income
shares. Earnings heterogeneity therefore amplifies the aggregate effects of monetary and fiscal
policy when policy redistributes income share to factors with large iMPCs.

The next two terms of our decomposition capture the implications of expenditure heterogeneity.
A change in the price path P;; of household type i’s consumption basket elicits income and
substitution effects. If the price of i’s basket increases holding fixed the current allocation, then
households’ effective purchasing power falls and they are poorer in real terms. Households respond
to such an income effect in proportion to their marginal propensities to consume. The first new
channel due to expenditure heterogeneity is therefore a covariance across household types between
iMPCs M; and changes in relative bundle prices dp; = dP; — dP. When policy leads to a relative
price increase in the consumption basket of households (and in states of the world) with large
iMPCs, then aggregate consumer spending falls.

A change in bundle price P;; also elicits an intertemporal substitution effect. The price of a
household’s consumption basket governs her decision between total consumption in period t and
consumption in all future periods, i.e., savings. Given our assumption of homothetic preferences,
this effect does not capture substitution across goods for a given amount of total expenditures.
In other words, the bundle price P;; govern’s the household’s intertemporal substitution. In
fact, we can rewrite this channel in terms of households’ effective real interest rate, noting that

dlog Ap; = dlog R — dlog R;. Therefore, we have
—Cov; (M{, dlog Api> = —Cov; (M[, dlogR — dlog Rl-) = Cov; (Mf, dlog Ri>.

When households experience relative price inflation, their effective real rate of return on savings
dlog R; falls disproportionately. And when relative price inflation is especially large for those
households with strong intertemporal interest rate responses M/, then aggregate demand increases.

Finally, we refer to Proposition 5 as an Intertemporal Keynesian Cross because changes in
consumption and government spending are amplified by a Keynesian-cross-like multiplier (Auclert
etal., 2018). As in our as-if benchmark, this multiplier is given by the linear map M = (I — M;)~},
where M; = E;(P,C;M;) is the average iMPC across household types weighted by their nominal
outlays. Therefore, this Keynesian multiplier is not directly shaped by household-sector linkages.

3.3 Beyond Hulten: An Aggregation Result for Sectoral Shocks

In this subsection, we derive our aggregation result for the macroeconomic effects of sectoral
technology shocks, dlog A;. For expositional clarity, we state this result in terms of reduced-form
sufficient statistics as in Baqaee and Farhi (2020). Concretely, we decompose the aggregate effect on
real GDP into a pure technology effect and changes in allocative efficiency, which we capture by
endogenous markup responses, dlog ¢, and changes in factor shares, dlog A;. Unlike in our as-if

benchmark, allocative efficiency is now also shaped by earnings and expenditure heterogeneity.

21



Proposition 6 (Aggregation Result for Sectoral Technology Shocks in HANK-IO). Assuming sym-
metric 7y; = 7y and 17; = 1, the aggregate effect of sectoral technology shocks is given by

As-If Benchmark

147+ 1+7n- ]
dlogY: =~ T Xdlog A, — ~ T3 dloeu; — — 1 dlog A
OB T Gy R T Ly B T Ty OB

1 A Ui 5 gt X
—-—C i Ai, dl i ——C i Ai, dl i ——C i Ai, dl 51‘
7 0v ( ogp,t> 7 0v ( og§,t> P 0v ( og ,t)

Expenditure Heterogeneity Earnings Heterogeneity Income Effect on Labor Supply

where dlog 6;; = dlog C;; — dlog C;.

Proposition 6 generalizes the aggregation result we derived for our as-if benchmark (Corollary 4).
The three terms in the first line correspond to that benchmark.
The aggregate output response is again governed by a pure technology effect and changes in

allocative efficiency. The pure technology effect, given by X dlog A;, summarizes the increased

productivity of resources holding fixed the current allocat1g:] It is remarkable that pure technology
gains are again unaffected by household heterogeneity. They are proportional to sectors” cost-
based Domar weights, A, and to the elasticities governing household labor supply, 7y and 7. Our
assumption that these elasticities are symmetric across household types is critical: When the income
and substitution effects governing labor supply are heterogeneous at a given allocation, then gains
from pure technology are also shaped by household heterogeneity."

The remaining terms of our decomposition summarize changes in allocative efficiency. As
in the as-if benchmark, changes in endogenous markups and factor shares have implications for
allocative efficiency. These terms are exactly as in Corollary 4, and we discuss their economic
intuition there.

More surprisingly, household heterogeneity and, in particular, cross-sectional household-

sector linkages now also shape allocative efficiency. Three additional channels emerge that all work

15 Assuming heterogeneous ; and 7;, the aggregation result can instead be stated as

ZA +}71d10th = Adlog A; — Adlog s —

- 1 - ;
_;Aiﬂdlogpi,f ZA - log i - ZAiﬁdlog(s,-,t.

Gains from pure technology are then given by

7+ 1 vitn\]"
i i X i i 3
{]El(1+’7i)+Covl(A 1+171)} Adlog A;.
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through the factor supply equations given by
dlogW;; —dlogPi; = ndlog N;; + ydlog Ci ;.

Households of type i adjust their labor supply either in response to changes in their real wage,
dlog W;; — dlog P, ;, or when their income and consequently their consumption changes, dlog C; ;.

The first novel determinant of allocative efficiency is the effect of expenditure heterogeneity
on household labor supply. Firms’ cost structure is governed by nominal factor prices W;;. In
other words, what matters for the production side is the marginal cost at which firms can hire
additional labor. Labor supply, however, is governed by real wages. When the price of a house-
hold’s consumption bundle increases, dlogp;; > 0, a given nominal wage for household i has
less purchasing power and the real wage falls. At a given nominal wage, this household now
supplies fewer hours and labor becomes more expensive for firms. The new effect on allocative
efficiency is proportional to the cross-sectional covariance across household types or labor factors
Cov;(A;, dlogp;;): If consumer prices increase for those households whose labor factors have large
cost-based Domar weights, then output falls and allocative efficiency deteriorates. Intuitively, labor
factors that play a dominant role in firms’ cost structures become relatively more expensive because
those household types experience a relative drop in their purchasing power. Crucially, the relevant
covariance is with respect to cost-based factor shares A because markups drive a wedge between
prices and marginal costs.

Earnings heterogeneity also shapes the transmission of technology shocks to allocative effi-

ciency. The overall effect of changes in factor shares on allocative efficiency is captured by

’)/+ ZA dlogAj; = —777;751 ogAt— ’YZ’?COUi(Ai’ dlog Ai})

Labor Income Share Earnings Heterogeneity

where we denoted the average change in factor share by dlog A; = E;(dlogA;;). Notice that
the aggregate labor income share is not weighted by cost-based Domar weights because E;A; =
1: All production costs must ultimately be accounted for by factor costs. The aggregate effect
is also operative in the as-if benchmark. Intuitively, when the total labor income share falls,
dlog A+ < 0, then households receive less labor income. This elicits a positive labor supply response
governed by the elasticities —— 7 ;- Heterogeneity in factor share responses can amplify or dampen
the resulting change in allocatlve efficiency. When factors with the largest cost-based Domar weights
A; experience a relative decrease in their income share, then resources are reallocated towards the
more monopolized and distorted sectors. The strength of this effect is again proportional to + T
which governs the endogenous labor supply response to the fall in income.

Finally, there may be a heterogeneous income effect on labor supply across factors. This effect
is summarized by a covariance across household types between cost-based factor shares Ajand

changes in consumption dispersion d log J; ;. Intuitively, if households i experience a relative drop
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in consumption, dlogd;; < 0, then they supply more labor for a given real wage. This income

effect is governed by the elasticities —L-. As a result, firms can hire a given amount of labor factor i

more cheaply and marginal cost fallﬂrsir;if the factors that become relatively cheaper also have high
cost-based Domar weights, then output increases due to gains in allocative efficiency. Intuitively,
marginal costs then fall in the most monopolized sectors.

Our discussions in Sections 3.2 and 3.3 point to an important conceptual takeaway. What
matters for the aggregation of sectoral technology shocks—in particular their transmission through
changes in allocative efficiency—are covariances with respect to cost-based factor shares A;. Gains
from allocative efficiency result from a reallocation of resources to relatively more distorted and
monopolized sectors. The cost-based factor share A; precisely captures those markups that drive a
wedge between prices and marginal costs. The covariance terms with respect to A; that appear
in Proposition 6 therefore indicate whether resources and labor find more productive uses. The
transmission of monetary and fiscal policy (demand) shocks, on the other hand, is determined by
covariances with respect to iMPCs M;. Intuitively, demand propagation is governed by spending
propensities in response to changes in income and prices. Mechanically, this distinction emerges
because our results in Section 3.2 take as their starting point the goods market clearing condition
and the aggregate consumption function, whereas our derivations in Section 3.3 focus on the supply

and production equations.

4 Taking a Quantitative HANK-IO Model to the Data

This section develops a quantitative HANK-IO model that matches key empirical regularities
on household-sector linkages. After discussing our data sources in Section 4.1, we present these
empirical regularities in Section 4.2. To match these motivating empirical moments, we enrich
the baseline HANK-IO model of Section 2 along two dimensions. The quantitative model we
present in Section 4.3 features capital as an additional production factor and nonhomothetic CES
consumption preferences. Allowing households to trade a second, illiquid asset is important to
match the intertemporal marginal propensities to consume that govern the new earnings and
expenditure heterogeneity transmission channels of monetary policy, which we characterized in
Section 3 (Kaplan et al., 2018). Adding capital as a factor of production also allows us to capture the
importance of the investment network that is an important part of the economy’s network structure
(Vom Lehn and Winberry, 2022). Finally, nonhomothetic preferences allow us to match empirical
expenditure patterns across the income distribution (Comin et al., 2021). Appendix B presents a

self-contained description of our quantitative model.

4.1 Data

In this section, we assemble our dataset, which draws on six sources, and explain the construction

of key variables. The details of data construction are reported in Appendix C. We conduct both our
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empirical and quantitative analysis at the 22-sector level corresponding to 2-digit NAICS industries,

which is also the number of sectors for our estimation of the nonhomothetic CES demand system.

Input-output linkages. We use the Bureau of Economic Analysis” (BEA) Detailed Input-Output
(I-O) Tables to measure intput-output linkages across 71 industries. After eliminating industry
categories related to federal, state, and local government, we are left with 66 private sectors. Finally,

we aggregate to the 22-sector level corresponding to 2-digit NAICS industries.

Household expenditure characteristics: CEX-IO data. We use the Consumer Expenditure Sur-
vey (CEX) conducted by the U.S. Bureau of Labor Statistics to obtain expenditure shares for
households across the income distribution. The survey respondents report their consumption
expenditures for the full consumption basket of goods and services, across 668 detailed categories
called “UCCs”. We match the CEX spending categories to 2-digit industries in the IO table, con-
structing a dataset with household expenditure shares across the income distribution in 22 final
IO industries for each year in the sample period. The mapping is based on a manual concordance
assembled by Levinson and O’Brien (2019).

Household earnings characteristics: ACS-IO data. We obtain cross-sectional household occupa-
tion and payroll data from the American Community Survey (ACS). The ACS is a survey admin-
istered by the U.S. Census Bureau and answered by a random 1% sample of the U.S. population
each year. The dataset is made available by IPUMS (Ruggles et al., 2015) and offers demographical
and labor information about all survey respondents. In particular, the ACS provides consistent
industry identifiers for 320 industries in the private sector from 2000 to 2015. Matching ACS’s
6-digit NAICS industry categories to 2-digit industries in the IO table, we obtain a dataset with the

average payroll shares of college and non-college graduates for each of the 22 final IO industries.

Sectoral price rigidity. To measure price rigidity across industries, we map the sector-specific
monthly price adjustment frequency from Pasten et al. (2017) to the 22 final IO industries. Pasten
et al. (2017) use the data underlying the Producer Price Index (PPI) for 754 industries (defined
by 6-digit NAICS codes) from the U.S. Bureau of Labor Statistics, from 2005 to 2011.The PPI
measures changes in selling prices from the perspective of producers and covers all industrial and
service sectors, including the product of intermediate inputs. Compared with earlier estimates by
Nakamura and Steinsson (2008) with a focus on CPI data, the PPI measures are more suitable both

for our sample period and our emphasis on intermediate inputs.
Factor shares. We compute the sector-specific factor shares in production from the BEA’s GDP

by Industry dataset with 66 private industries. The labor share in primary factors is computed as

the compensation of employees as a percentage of value added, adjusted for taxes and subsidies,
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and averaged over 1997-2021. The intermediate inputs share is computed as total intermediate
inputs as a percentage of gross output, averaged over 1997-2021. We then map factor share data
for 66 sectors into the 2-digit NAICS industry specification, where we weight the concordance by

sector-specific gross output levels.

Capital investment shares. To construct the share of inputs for capital production from each
sector, we use the BEA’s 1997 Capital Flows table. The Capital Flows table includes 180 commodities
with corresponding NAICS codes. We map these to the 22-sector 2-digit NAICS categories.

Government spending shares. The BEA’s industry input-output “Use” table allows us to com-
pute the share of government spending on goods and services from different sectors. Government
spending shares are calculated as total government expenditure in sector j as a percentage of total
overall government spending. “Government” includes the federal government, federal government
enterprises, state and local government, and state and local government enterprises. We average
the annual share across 1997-2021, and then map the 66 sectors in which the government spends to
the 2-digit NAICS level.

Markups. We use sectoral markup data from Baqaee and Farhi (2020) in our model calibration.
They estimate three alternative measures of markups across 66 sectors from 1997 to 2015. The
average markup for each sector in any particular year is computed as the harmonic sales-weighted
average of firm markups, which are taken from Compustat and assigned to BEA sectors. We use
the average of their benchmark estimates following the accounting profits approach because the
average markup is then around 10% and thus closer to the standard markup assumed in the HANK
literature. Then we map the 66 industries to the 22-sector 2-digit IO categories, weighting the

concordance by sector-specific gross output levels.

Network centrality. A reduced-form measure of a sector’s centrality in the input-output produc-
tion network is the Katz-Bonacich centrality measure discussed by Carvalho (2014). This measure
of network centrality is defined as ¢ = 5 (I — Atx;‘k)*ll, where we set 17 = % = 192 and A = 0.5.
We denote by aj the share of sector j’s spending on inputs from sector k in sector j's total value of
the intermediate input bundle. We also calculated the “outdegree” of sectors, defined as dy = 2]- tx;‘k,
that is, the sum over all the weights of the network in which sector k appears as an input-supplying

sector.

4.2 Empirical Regularities

We start by documenting empirical evidence of systematic household-sector linkages at the micro

level. These empirical regularities suggest that households with different income levels are system-
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Figure 2. Expenditure-share Weighted Sectoral Heterogeneity for Income Percentiles

Note. We plot the expenditure-weighted sectoral features as a function of households’ income percentile, average over
the sample period. The horizontal axis for each panel is household percentiles, each representing 1% of the population.
The vertical axis reports the average sectoral features, such as labor share, capital share, intermediate share, frequency
of price change, centrality, markups, government spending share, and investment share, weighted by the expenditure
share across 22 sectors by households of the corresponding income percentile.

atically exposed to different sectors through both expenditure and earnings patterns. Our results

draw on much previous empirical work, which we review at the end of this subsection.
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Expenditure heterogeneity. For each sectoral feature 6, we compute an expenditure-share-weighted

measure for each household percentile /ip in each year t as

exphp exp, hp )
0 =) w0
jes

where 6;; corresponds to our empirical measure of sectoral feature 6 for sector j € 22 in year ¢,
exp,
it

income percentile /ip in year .

and w’”""" denotes the share of expenditures on goods in sector j accounted for by household of

Figure 2 plots expenditure-weighted sectoral features across the household income distribution
by linking cross-sectional household spending data from the Consumer Expenditure Survey (CEX)
to the BEA IO table. Table 1 reports the corresponding regression results. We find that higher-income
households consume relatively more in sectors that are more labor- and intermediates-intensive,
and that are more central in both the production and the capital production networks. They spend
relatively less in sectors that are capital-intensive and have high markups. Our measures of price
rigidity and government spending shares are hump-shaped along the income distribution. Middle-
income households spend in sectors that exhibit the highest frequency of price changes, as well as
in sectors where the government also spends.

Panels (1)=(3) document that higher-income households spend relatively more on labor-
intensive and intermediates-intensive sectors, including travel, dining out, financial services, and
other professional services. Lower-income households, on the other hand, spend relatively more
on essentials that are relatively capital-intensive, such as oil and gas, utilities, food, and housing.
Columns (1)—(3) of Table 1 report that when household income increases by 10,000 dollars, the
average expenditure-weighted labor share, capital share, and intermediates share exposure change
by +0.511, —1.009, and +0.497 percentage points, respectively.

Panel (4) of Figure 2 shows that price rigidity is hump-shaped along the income distribution.
Middle-income households spend in sectors with a high frequency of price adjustments. House-
holds at the bottom of the income distribution spend relatively more on food, utilities, and gas,
which are prone to frequent price changes. But a large portion of their consumption is also on
housing, which is price-rigid relative to other consumption categories. As households move up
the income distribution, their consumption price rigidity is governed by two offsetting forces. On
the one hand, as the expenditure share on services increases, prices become more rigid; on the
other hand, the expenditure share on housing declines as household income grows, pushing in the
opposite direction. The treatment of housing expenditures therefore matters significantly for our
finding.

Panel (5) documents that higher-income households spend relatively more on sectors that are
more central in the production network. Lower-income households spend relatively more in sectors
that are at the end point of sale, such as food and beverage stores, retail stores, car shops, and

housing. These consumption categories are less central in the production network. Higher-income
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Table 1. Expenditure-Weighted Sectoral Features and Income Levels Across Income Distribution

¢ 2) ©) (4) (5) (6) (7) (8)

Income 05117 -1.009%** 0.497*** 0.027** 0.024"* 0.048"* 0.012"* 0.063"*
(4029) (-2649) (18.17) (236) (19.50) (-16.35) (555)  (16.33)

R? 0.94 0.87 0.77 0.23 0.04 0.79 0.23 0.73

Note. We run regressions of each expenditure-share-weighted sectoral feature on household income percentiles. t-
statistics in parentheses. Unit of income is 10,000 dollars. * p < 0.1, ** p < 0.05, *** p < 0.01.

households, on the other hand, spend relatively more on transportation, finance, and professional
services, which are also inputs for production in other sectors. Column (5) of Table 1 reports that
when household income increases by 10, 000 dollars, the expenditure-weighted average centrality
measure increases by 0.024 percentage points.

Panel (6) shows that higher-income households spend relatively more on sectors that have
high markups. Lower-income households spend relatively more on utilities, food, and telecommu-
nications.These are competitively priced goods featuring low measured markups. Higher-income
households, on the other hand, spend more in sectors that provide differentiated products and ser-
vices such as professional services, chemical products, and cars. Column (6) of Table 1 reports that
when household income increases by 10,000 dollars, the expenditure-weighted average markup
measure increases by 0.048 percentage points.

Panel (7) documents that higher-income households spend relatively more on sectors that
the government also spends on. Higher-income households spend less on food, gas and utilities,
and telecom, which account for 23.1% of the government spending budget. They also spend more,
however, on computer systems, professional services, administrative services, finance, construction,
and other services, which account for 36.7% of the government spending budget. Column (7) of
Table 1 reports that when household income increases by 10, 000 dollars, the expenditure-weighted
average government spending share increases by 0.012 percentage points.

Finally, Panel (8) shows that higher-income households spend relatively more on sectors that
are more central in capital production. The four most important sectors in capital production are
construction, machinery, computer and electronic products, and vehicle parts, which account for
72.2% of the capital production inputs. Higher-income households spend relatively more in these
four categories. Column (8) of Table 1 reports that when household income increases by 10,000

dollars, the expenditure-weighted average investment share increases by 0.063 percentage points.

Earnings heterogeneity. Next, we document systematic exposure of households to production
sectors through earnings. We link cross-sectional household occupation and payroll data from the
American Community Survey (ACS), made available by IPUMS (Ruggles et al., 2015), with data
from the BEA IO Tables. Similar to expenditure heterogeneity, we define payroll-share-weighted
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Figure 3. Earnings-share Weighted Sectoral Heterogeneity for Income Percentiles

Note. We plot the payroll-weighted sectoral features as a function of households’ income quantiles, average over the
sample period. The horizontal axis for each panel is household quantiles, each representing 5% of the population. The
vertical axis reports the average sectoral features, such as labor share, capital share, intermediate share, frequency of
price change, centrality, markups, government spending share, and investment share, weighted by the expenditure share
across 22 sectors by households of the corresponding income quantile.

sectoral measures as
pay,hp __ pay, hp 5.
oy =y wi e,

jes
where w]P fy’hp is the payroll share of all households in income percentile ip that comes from sector
jin year t.
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Table 2. Payroll-Weighted Sectoral Features and Income Levels Across Income Distribution

) ) (©) (4) ©) (6) @) 8)

Income -0.563** 0277+ 0286*** 0.385"** 0.037°** 0.155** 0.096"** 0.095"**
(-1233)  (30.89) (632)  (6.67) (17.32) (11.07) (4470) (2.88)

R? 0.89 0.98 0.67 0.70 0.94 0.86 0.99 0.27

Note. We run regressions of each payroll-share-weighted sectoral feature on household income percentiles. t-statistics in
parentheses. Unit of income is 10,000 dollars. * p < 0.1, ** p < 0.05, *** p < 0.01.

Figure 3 plots earnings-weighted sectoral features across the income distribution, with cor-
responding regression results reported in Table 2. We find that higher-income households earn
relatively more in sectors that are less labor-intensive but have higher capital and intermediates
shares. These sectors are also relatively price-flexible and more central in the production network,
have higher markups, and command a larger share in capital production. Finally, higher-income
households also spend in sectors that the government spends on disproportionately.

Panels (1)—(3) of Figure 3 document that lower-income households earn relatively more
from the most labor-intensive and the least intermediates-intensive sectors, such as restaurants,
supermarkets, retail stores, educational services, nursing and other services. Higher-income
households earn relatively from capital-intensive sectors, such as utilities, telecommunications,
oil and gas, electronics products, chemical products, transportation, and finance. Columns (1)—(3)
of Table 2 report that when household income increases by 10, 000 dollars, the earnings-weighted
average labor share, capital share, and intermediates share measures change by —0.563, +0.277,
and +0.286 percentage points, respectively.

Panel (4) shows that lower-income households earn relatively more from sectors that adjust
prices infrequently. They have higher payroll shares in restaurants, bars, hotels, nursing, entertain-
ment, social assistance, and other services, which are all relatively more price-rigid. Column (4) of
Table 2 indicates that when household income increases by 10,000 dollars, the earnings-weighted
average monthly frequency of price change increases by 0.385.

Panel (5) documents that higher-income households earn relatively more from sectors that
are more central in the production network, such as utilities, chemical products, finance, and
professional services. Lower-income households earn more from less central end of sales point
sectors such as restaurants, coffee shops, retail stores, car shops, and nursing services. Column (5)
of Table 2 reports that when household income increases by 10, 000, the earnings-weighted average
centrality measure increases by 0.037 percentage points.

Panel (6) shows that lower-income households earn relatively more in sectors with lower
markups. The most competitive sectors in our sample include supermarkets, retail stores, social
assistance services, and warehousing. Lower-income households have high payroll shares in

these categories, whereas higher-income households earn relatively more in the high-markup
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categories of mining, chemical products, and transportation. Column (6) of Table 2 reports that
when household income increases by 10,000 dollars, earnings-weighted average markups increase
by 0.155 percentage points.

Panel (7) documents that higher-income households earn relatively more from sectors where
the government also spends disproportionately, including construction, oil and gas, chemical
products, computer systems, and professional services. Column (7) of Table 2 reports that when
household income increases by 10, 000 dollars, the earnings-weighted average government spend-
ing share increases by 0.096 percentage points.

Finally, Panel (8) shows that higher-income households earn relatively more in sectors that
are more essential in capital production. The four most important sectors in capital production
are construction, machinery, computer and electronic products, and vehicle parts. Higher-income
households have larger payroll shares in these industries. Column (8) of Table 2 reports that when
household income increases by 10, 000, the earnings-weighted average capital investment share

increases by 0.095 percentage points.

4.2.1 Relation to the Literature

Many of these empirical regularities are already well known. Hubmer (2023) documented that
higher-income households spend relatively more on sectors with high labor shares. In related
work, Faber and Fally (2022) showed that higher-income households spend relatively more on
high-quality goods, which is in turn positively correlated with sectoral labor intensity (Jaimovich
et al.,, 2019). Relative to these papers, we show that higher-income households spend relatively
more on sectors that also have high intermediates shares and work relatively more in sectors that
have high intermediates and capital shares, but low labor shares.

Cravino et al. (2020) documented that higher-income households spend relatively more in
sectors with stickier prices. Similarly, Clayton et al. (2018) showed that more educated households
both spend and work more in sectors with more price rigidity. Our results suggest that the
expenditure-weighted frequency of price changes is hump-shaped in household income, while
higher-income households earn more in price-flexible sectors.

Government spending is granular and concentrated in sectors with relatively sticky prices
(Cox et al., 2020). We show that government spending also tends to be high in those sectors
where high-income households spend and earn relatively more. Jaravel (2019) documented that
higher-income households spend relatively more in high-markup sectors. Finally, Vom Lehn and
Winberry (2022) documented that the capital investment network is granular and dominated by a

small set of concentrated investment hubs.
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4.3 Key Model Elements and Calibration

In this section, we present the key new elements of our quantitative model and discuss its calibration.

A detailed and self-contained model description is relegated to Appendix B.

4.3.1 Production Network

We calibrate the production network of our quantitative model to match data on 22 sectors. As
described in Section 2.2, each sector is modeled as comprising a retailer and intermediate firms that
face price adjustment costs. While this structure allows us to derive sectoral Phillips curves (7), we
otherwise focus on a symmetric equilibrium in which all firms within a sector are identical. We can
therefore proceed as if sectoral production decisions are taken by a representative firm.

The production function of sector j is CES over intermediate inputs and a primary factor that
combines capital and labor, given by

Ursi
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where A;; is a Hicks-neutral technology shifter. We denote by 6; the CES weight on intermediate
inputs in sector j’s production and by 74 ; the elasticity of substitution between the primary factor
and intermediate inputs.

The primary factor is a Cobb-Douglas aggregate of capital and labor, given by

a; 41—
fir =K N, Y, (22)
where «;j is the share of capital in total factors.'® We denote by K, the capital rented by sector j in

period t and by Nj; a CES aggregate over all I labor factors used by sector j in production, given by

T, j
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where Nj; is sector j’s demand for labor factor 7, I'}f is the relative CES weight on factor 7, and 77,
is a sector-specific elasticity of substitution across labor factors in production.

Sector j uses a CES basket of intermediate inputs, x;, given by

.
1 Myt vx/);il
I x \ Txj. Txj
Xjp = (Z( jk) ik, ) ’ (24)
k

16 Horvath (2000), Carvalho (2014), Atalay (2017), Carvalho et al. (2021) and Ferrante et al. (2022) all aggregate
primary factors using a Cobb-Douglas calibration. Vom Lehn and Winberry (2022) use Cobb-Douglas in their main
calibration and explore deviations from Cobb-Douglas in a sensitivity analysis, where they show there are no sizable
quantitative implications.
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where 7, ; is sector j’s constant elasticitiy of substitution across intermediate inputs. F;‘k denotes
how important is good k in sector j’s intermediate input bundle production function. As in Section
2, xjk+ is the demand for good k as an input by sector j.

The standard demand functions for intermediate inputs from sector i is given by

—1lx,
x]‘k,t = F;‘k< p'k’t ) x]‘,t (25)
Pjx,t

where pf is the producer price index (PPI) in sector k and pjy ; is the price of intermediate input
bundle in sector j. xj ; is the unit of goods from sector k used by sector j, and the x;; is the unit of
intermediate input bundle for sector j. The relationship between intermediate input prices and the

bundle price is given by

1

P
Do = {zr;fkm,t)l '7]

k

Firms rent capital in an integrated and competitive market at the nominal rental rate iX.
Likewise firms hire labor of each factor in non-segmented labor markets at nominal wage rates W; ;.
Sectoral profits are now given by IT;; = p;yj: — ¥ WiiNjis — if Kjy — pjxsxj:. We call the share
of expenditure on goods from sector k in the nominal value of the intermediate input bundle aj,

given by

Pk tXjk,t

pjx,txj,t

e = (26)
Elasticities. We follow much of the literature and set the elasticity between the primary factor
and intermediate inputs to 777 ; = 1 across sectors.!” Consensus on the appropriate calibration of
11x,j, the elasticity of substitution across intermediate inputs, has evolved over time. While most
prior work uses a Cobb-Douglas calibration, Atalay (2017) argues that this elasticity should be
much smaller. We follow Atalay (2017) and set 77,,; = 0.1. Finally, we calibrate the elasticity of

substitution between different labor factors to 77,,; = 1.

Factor shares. Sectors differ in the share of intermediate inputs in production, 0;, and the share of
capital in primary factors, a;. We compute 22 sector-specific factor shares from the BEA GDP-by-
Industry dataset. The intermediate input share 6; is computed as input expenditures as a percentage
of gross output, averaged over 1997-2021. We compute the labor share 1 — a; as total compensation
of employees as a percentage of value added, adjusted for taxes and subsidies, averaged over the
same period. We show in Appendix C.1 that there is substantial heterogeneity in factor shares

across sectors.

17" Atalay (2017), Vom Lehn and Winberry (2022), and most prior work use this calibration.
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Input-output network. We obtain the input-output matrix F;‘k from equations (25) and (26),

Every column of F}‘k sums to 1.

We use data from the BEA Input Output "Use" Table to calculate the input-output share &y as
sector j’s (columns) nominal expenditure on intermediate inputs from sector k (rows) as a share of
j’s total expenditure on intermediate inputs. Then we average these ratios across 1997-2021. See

Appendix C.7 for further discussion on input-output linkages and the IO tables.

Sectoral price rigidities. We compute the sectoral price rigidities x; in two steps. First, we use
data made publicly available by Pasten et al. (2017) who estimate the frequency of price changes
using the U.S. Bureau of Labor Statistics (BLS)’s data underlying the Producer Price Index (PPI)
for 754 industries (defined by 6-digits NAICS codes) from 2005 to 2011. Since these estimates
are more granular than our production network, we follow Clayton et al. (2018) and use their
many-to-one merge to our 22 production sectors. From these estimates, we obtain the monthly
price adjustment frequency. Additional details can be found in Appendix C.5. These estimates
of price adjustment frequencies naturally map into sectoral Calvo parameters. In a second step,
we analytically characterize the concordance between Calvo and Rotemberg parameters yx; in our
model to first order. See Appendix C.6 for details.

Payroll shares. To measure sectoral payroll shares—and consequently the share of salary expendi-
tures paid to different household types i—we use data from the linked ACS-IO dataset (see Section
4.2). The details of how we link different datasets are provided in Appendix C.9. We denote payroll
share to college graduates in each sector j as the ratio of total payroll paid to college graduates over
total payroll paid to all workers in sector j, averaged across our sample period.

€
61"

brates €; directly to match sectoral markups using data from Baqaee and Farhi (2020) as discussed

Our baseline model cali-

Markups. Steady state markups across sectors are given by y; =

in Section 4.1. Appendix C.4 shows that there is substantial heterogeneity in the mark-ups across

sectors.

4.3.2 Households

Our quantitative model features two household types—and consequently two labor factors—that
we associate with and calibrate to match data about college-educated and non-college-educated
households, i € {C, NC}. We allow these types to differ in their permanent characteristics along
three dimensions: (i) marginal propensities to consume, (ii) earnings shares across sectors, and (iii)

expenditure shares across sectors.
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Expenditure heterogeneity. Households consume a generalized nonhomothetic CES basket of
goods, ¢y = DNH({c;;;};), implicitly defined via

1 et
1= Z (Q]-c?,ft> b CijT’
]
where ¢;;; denotes consumption of good j by a household type i (Comin et al., 2021). 7, is the
elasticity of substitution across consumer goods produced in different sectors and ¢; is the relative
income elasticity for goods produced in sector j. (); is the aggregate expenditure share of sector j,
and it is symmetric across household types.

Following Comin et al. (2021) and Hubmer (2023), we estimate a nonhomothetic CES demand
system for our HANK-IO model to obtain the parameters {1, ¢; }]. ¢\ using our linked CEX-1IO
dataset we described Section 4.1. We keep those that are not-seasonally-adjusted, with begin years
and end years falling within the sample period, use values in 1982-1984 as base. We walk through
the details the estimation exercise in Appendix D. Figure 4 summarizes the fit of our demand
estimation, plotting for each sector the relative expenditure shares of households across the income

distribution (taking agriculture as the base sector).

Earnings heterogeneity. Following much recent work in the HANK literature, we assume that
the labor supply decisions of each household type are intermediated by a type-specific union as in
our baseline model. Unions ration labor, so that #;,(a,b,z) = N;;. Earnings heterogeneity emerges
because production sectors differ in their demand for different labor factors, as discussed in Section
4.3.1.

Illiquid asset. We allow households to trade two assets, a liquid checking account a and an
illiquid investment account b held with a bank. Households can move funds between these two
accounts subject to a transaction cost paid out of the liquid account. The liquid account bears a
relatively low real rate of return r{;. Households can accumulate liquid debt up to a borrowing
constraint, a;; > a. The illiquid account bears a higher return rz?",t and is subject to a short-sale
constraint b;; > 0. As in our baseline model, real rates of return (in terms of households’ purchasing
power) depend on the relative rates of inflation households face in their type-specific consumption
bundles.

When transferring funds ¢;; from the liquid to the illiquid account, households incur a trans-
action cost (4, b;;) that may be proportional to the size of the illiquid account. We adopt the
functional form for ¢(-) used in Kaplan et al. (2018) and calibrate this transaction cost to match
important moments of the household wealth distribution, including the shares of hand-to-mouth
and wealthy hand-to-mouth households—see Table 4.
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Figure 4. Correlations of Relative Expenditure and Aggregate Income

Note. This binscatter plot shows the regression of relative expenditure share in 21 sectors relative to Agriculture as the
base sector over income levels. Data from CEX dataset linked to the IO industry categories from 2004 to 2015. The x-axis
depicts (log) income levels, and the y-axis shows (log) ratio of expenditure share in respective sectors over expenditure
share in Agriculture. The red line is the OLS fit.

37



4.3.3 Financial Sector

We model a financial sector that consists of a representative financial intermediary, the “bank”,
which has two activities: (1) a banking activity, performing maturity transformation by collecting
real liquid assets from households and investing them in government bonds, subject to an interme-
diation spread; and (2) a mutual fund activity, collecting illiquid funds and intermediating them in

the form of physical capital to firms.

Banking activity. The bank fully passes through the intermediation cost to households. In
addition, the bank applies a borrowing wedge to the prevailing after-intermediation-cost interest
rate. We choose the intermediation spread and the borrowing wedge for the model’s steady state to

match the aggregate and distributional moments in Kaplan et al. (2018) and Auclert et al. (2020).

Mutual fund activity. The bank owns the economy’s capital stock and makes capital investments.
It rents capital to firms in a competitive rental market. We assume the bank operates an investment
technology that transforms sectoral goods into gross capital investment. The capital stock then

evolves according to K11 = I + (1 — 6)K;, where investment is given by the CES aggregator

1

_ -1
I = (Z(I‘mv)qlllﬂfnl> i
b= j it ’

]

where 71 is the elasticity of substitution across sectoral goods used for capital investment. Our
quantitative model takes seriously the sectoral and network implications of investment spending, as
emphasized by Vom Lehn and Winberry (2022). We calibrate the “investment use” parameter I’;f“’
to match data from the BEA 1997 Capital Flow table, where we compute sector j’s total contribution

to capital production as a share of the economy’s total inputs to capital production.

4.3.4 Government

Government spending takes the form of a homothetic CES aggregate over sectoral goods given by

1 ng-1

g
1 O
— E\ 18 2 8
G=|x(r)"q, .
k
We calibrate I’}g to match the share of government spending across sectors using the BEA industry
input-output “use” table, computing government expenditures in sector j as a percentage of total
government spending. Government expenditures include spending by the federal government,
federal government enterprises, state and local government, and state and local government

enterprises.
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Table 3. List of Calibrated Parameters

Parameters Value  Target / Source
Preferences
Iy Average discount rate (p.q.) 3.02% Internally calibrated
0% Relative risk aversion 3 Standard
¢ Inverse Frisch elasticity 1 Standard
He Elasticity of substitution between sectors in consumption 0.26 Estimation
fx Elasticity of substitution between sectors in intermediate inputs 0.1 Atalay (2017)
Uil Elasticity of substitution between types in labor supply 1 Standard
Ny Elasticity of substitution between factors in production 1 Standard
7; Elasticity of substitution between sectors in capital investment 1 Standard
Household portfolio choice
a Borrowing constraint -1 6.569 quarter of average income
o Capital depreciation (p.q.) 1% Internally calibrated
o Linear adjustment cost 0.1 Internally calibrated
Py Convex adjustment cost 1 0.5 Internally calibrated
yp  Convex adjustment cost 2 3.7 Internally calibrated
Financial Intermediary
w Intermediation cost 0.5%  Internally calibrated
% Borrowing wedge 2% Internally calibrated
Firms
K Aggregate capital adjustment cost 50 Ay after shock

Nominal rigidities
€ Average elasticity of substitution for goods in retailer bundling  12.541  Baqaee & Farhi (2020)

Xj Average price adjustment cost 202.44  Nakamura & Steinsson (2008)

€”  Elasticity of substitution for labor 10 CEE (2005)

Xx“  Avg. duration of wage contracts 0 Flexible-wage limit
Government

Az Taylor rule weight on inflation 15 Standard

Ay  Taylor rule weight on output 0 Standard

7P Income tax rate 15%  Standard

We assume the government balances its budget. Any surplus or deficit is rebated to house-
holds according to a rescaling rule that is designed to neutralize the quantitative implications of
potentially counterfactual lump-sum transfers. The proportion of the aggregate rebate distributed
to households of type i is equal to their income share in stationary equilibrium.

The monetary authority follows a standard Taylor rule with weights A, and A, on inflation
and output, respectively. We assume the monetary authority uses the counterpart of the empirical

CPI to measure inflation in this context.

4.3.5 Calibration Summary

We summarize the calibration of our two-type 22-sector HANK-IO model in Table 3 and the
moments our model targets in Table 4.
In addition to the parameters already discussed in this section, we calibrate the household

discount rate p and the capital depreciation rate § to match average MPCs and the aggregate
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Table 4. Calibrated Moments

Parameters Model Target Source
Aggregates
K/Y Mean illiquid assets to GDP ratio 287 286 Bayer (2020)
B/Y Mean liquid assets to GDP ratio 0.23 0.23 KMV (2018)
G/Y Government spending to GDP ratio 0.16 0.16 ARS (2021)
MPC Quarterly marginal propensity to consume  0.06 0.10 BJS (2022)
Wealth Distribution
HtMP°°"  Fraction witha =0and k=0 0.09 0.1 KMV (2018)
HtM'<"  Fraction witha = 0and k > 0 0.22 0.2 KMV (2018)
Borrower  Fraction witha < 0 0.15 0.16 Bayer (2020)

capital-output ratio. We set the capital adjustment cost parameter x so that our baseline model
matches VAR evidence on the relative response of investment and output to a monetary policy
shock. We take the remaining parameters—including Taylor rule coefficients and the labor income

tax rate—from the literature.

5 Monetary Policy Transmission in HANK-IO

We now investigate the transmission mechanism of monetary policy in our quantitative HANK-IO
model.'® To that end, we develop a new additive transmission decomposition. This decomposition
allows us to isolate the contributions of distinct dimensions of heterogeneity to overall monetary
transmission.

We show in Appendix B.8 that the consumption policy function of a household of type i

admits the sequence-space representation
cit(a,b,z) = c (a, b,z {rs,rf, s, Ts, Zs, {Cis }is {Pj,s}j}s>0)- (27)

We denote by p;; = % the price of sector / good j relative to the aggregate consumper price index
— 1 : ; _ it N,

P, by Z; = (1 — 7)) ¥, wjw; 1 N; ; aggregate private post-tax labor income, and by &;; = %

household type i’s labor income share, so that we can write the household budget constraint as

(1- Tlab)zi,twi,tNi,t = 2i1Z4Ci

Transmission decomposition. Figure 5 plots impulse responses of the economy’s aggregates to
a 25bps contractionary monetary policy shock with a half-life of 1 quarter. We now develop a
cross-sectional transmission decomposition in partial equilibrium for the on-impact response of

aggregate consumption at time 0 after a monetary policy shock di, that is dd—clf’. We define changes in

18 In ongoing work, we also leverage our quantitative model to study (i) the transmission of government spendings
shocks, (ii) the distributional and sectoral consequences of monetary and fiscal policy, (iii) sectoral fiscal multipliers, and
(iv) the supply-side or misallocation effects of stabilization policy.
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Figure 5. Aggregate Impulse Response to a Contractionary Monetary Policy Shock

Note. We plot the impulse response to a 25bps contractionary monetary policy shock with a half-life of 1 quarter.

real aggregate consumption as

Ti = ;/// {diCO (ﬂ, b, z, {1’51 rs,49s, Ts, Zsz {'gz,s}zr {P],s}]}sz()) }gz,o(ll, b; Z) dadbdz.

To simplify notation, we drop the time subscript o and denote by ¢, and so on the (partial) sequence-
space Jacobian of the consumption policy function with respect to the path of the real interest rate
t = {rs}s>0. Finally, for any function k;(a, b, z), we denote by /1;(a, b, z) the aggregate (inner product)
hi(a,b,z) =Y, [[[ hi(a,b,2)gi0(a,b,z) dadbdz. Abusing notation slightly, we also use /;(0,b,z) =
Y [[[ hi(0,b,2)gi0(a,b,z) dadbdz when we want to aggregate over h;(+) in this particular way.

Proposition 7 (PE Transmission Decomposition). Taking as given the GE response {dr,drX,dq,dt,dZ}
to the monetary policy shock di, the on-impact response of aggregate consumption can be additively decom-

posed as
dCy = ARANK | ARANKIO | A\HANK | AHANKIO

Proposition 7 decomposes the on-impact response of aggregate consumption to a monetary policy
shock additively into four sets of transmission channels, allowing us to isolate distinct dimensions
of cross-sectional heterogeneity. Our decomposition has the desirable property that it is internal to
the model, decomposing the transmission channels operative within our quantitative model. It

does not require the computation and re-estimation of external model comparison benchmarks.
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Such external comparisons introduce a great degree of discretion on behalf of the researcher and
often lack transparency as a result. Our decomposition, on the other hand, allows us few—if
any—degrees of freedom.

ARANK corresponds to the transmission channels that would be operative in the RANK limit
of our model and should therefore be interpreted as the “as-if RANK” part of overall transmission.

This term comprises five transmission channels

ARMNK = ¢(a,b,2)dr +¢,x(a,b,2) dr" +¢4(a,b,2) dg + ¢-(a,b,2) dT + ¢2(a,b,2) dZ

(RA) Intertemporal (RA) Dividence (RA) Capital (RA) Fiscal (RA) Aggregate
Substitution Income Gains Transfers Income
Similarly, ARANKIO captures the transmission channels that would be operative in the RANK-

IO limit of our model but are not already captured above. It should therefore be interpreted as the
additional contribution to overall transmission of the “as-if RANK-IO” features of our model. It
comprises a single transmission channel, corresponding to (the as-if representative-household’s)
expenditure switching,
RANK-IO A (=T =
A = ZC”/' (a,b,z)dpj
]

(RA) Expenditure Switching

We denote by AHANK the set of transmission channels operative in the HANK limit of our
model that are not also present in the RANK limit. It should therefore be interpreted as the “as-if

HANK” contribution to monetary transmission and comprises the five transmission channels

Debtor-Saver Dividend Income Capital Gains
(Interest Rate) Incidence Heterogeneity Incidence Heterogeneity

AHANK _ { (a,b,2) (ﬁ,E,Z)}dr+{érx(a,b,z)—6,K(ﬁ,5,2)}drK+{éq(a,b,z)—éq(ﬁ,l_y,z)}dq

+{ (a,b,2) — e (a ,E,z)}dr+ {az(a,b,z) —éz(a,E,z)}dZ

_ Fiscal Transfers Aggregate Income
Incidence Heterogeneity Incidence Heterogeneity

Finally, AHANKIO corresponds to the transmission channels exclusively operative in the full
HANK-IO model. These transmission channels would vanish in the RANK, RANK-IO, or HANK
limits of our model. In other words, AFANKIO guantifies the contribution of systematic household-
sector linkages for monetary policy transmission. And it comprises the earnings and expenditure

heterogeneity channels

AHANK-IO _ Zégi(a, b,z)d& + Z {épj(a, b,z) — ,(a, b, z‘)} dp;
i ]

Earnings Heterogeneity Expenditure Heterogeneity
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Monetary Policy Transmission in HANK-IO
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Figure 6. Decomposition of Monetary Policy Transmission in HANK-IO

Note. This waterfall graph depicts each channel’s effect on aggregate consumption as a percentage of total aggregate
consumption change after a 25bps monetary policy shock.

Quantitative result. Figure 6 illustrates the transmission decomposition of a monetary policy
shock. Our main quantitative result is that the earnings and expenditure heterogeneity channels
contribute little in the transmission of monetary policy to aggregate consumption. The (RA)
expenditure-switching channel (associated with the RANK-IO limit) accounts for +12% of the
total effect, while the expenditure heterogeneity channel (HANK-IO) accounts for another —10%.
The contribution of earnings heterogeneity is close to 0%. These numbers are eclipsed by the
contributions of other transmission channels, such as the standard intertemporal substitution
channel (+126%) or the debtor-saver channel on interest rates (—128%).

Overall, this finding establishes the quantitative relevance of our as-if benchmark (Section 3.1).
The transmission decomposition exercise we present here takes as given the general equilibrium
effects of monetary policy on the interest rate, dr, and other macroeconomic aggregates. Just like
in the as-if benchmark, our quantitative finding suggests that taking as given the time paths for
interest rates and other macroeconomic aggregates, the determination of aggregate demand is
governed almost exclusively by household heterogeneity. That is, the time paths of aggregates we
take as given in Proposition 7 act as summary statistics for the role of sectoral heterogeneity—at

least approximately. This is not to say, of course, that sectoral heterogeneity does not matter: The
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Figure 7. Sectoral Output Decline at Impact of a Contractionary Monetary Policy Shock

Note. We plot the sectoral real output decline at impact of a 25bps contractionary monetary policy shock with a half-life
of 1 quarter.

determination of the real interest rate, dr, and other aggregates in GE does depend on sectoral
heterogeneity. Moreover, our framework suggests that policy has distributional consequences
across households and sectors, as we illustrate in Figure 7, which plots the sectoral on-impact

output responses to a monetary policy shock.

6 Conclusion

This paper is motivated by empirical evidence of systematic household-sector linkages in disag-
gregated micro data. We build a quantitative framework to assess their implications for policy
transmission and the aggregation of sectoral shocks. Our “HANK-IO” model brings together a
heterogeneous-agent New Keynesian model with a multi-sector business cycle model with input-
output linkages in the tradition of Long and Plosser (1983). We analytically characterize an as-if
benchmark that features a strict decoupling between household and sectoral heterogeneity. Away
from this benchmark, however, novel earnings and expenditure heterogeneity channels emerge

through which household-sector linkages have important implications for policy transmission.
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Online Appendix

A Proofs and Additional Model Details for Sections 2 and 3

A.1 Labor Market Structure and Union Problem

We follow closely Erceg et al. (2000) and Auclert et al. (2018). Each household of type i provides 1 ¢

hours of work to each of a continuum of unions indexed by k € [0, 1]. Total labor hours supplied by

l’li,t = /knl-k/tdk.

Each union aggregates effective labor units provided by each household into a union-type-specific

this single household are

task Nj, given by
Nig = N .

A labor packer then further aggregates these labor services into aggregate supply of factor

ev—1
o ()

and sells it to firms at the nominal wage W; ;. Importantly, unions ration labor so that all households
of a type work the same hours.

Labor union k sets a common wage Wy, for each of its members. It can adjust this wage
flexibly—unlike Auclert et al. (2018), our paper focuses on price stickiness, for which we have good

sectoral data. Under flexible wage adjustments, we obtain a type-specific labor supply curve

where w;; =

pf': we assume that unions maximize an objective specified
1
in terms of average consumption for each household type.

A.2 Proof of Proposition 1

A.2.1 Dynamic IS Curve

We impose assumptions Al and A2, and we also assume that the household consumption and
government spending aggregators are the same CES, D = G. We drop household i subscripts to

emphasize that all types are effectively symmetric under these assumptions.
Ve UL
Consumption is then given by ¢; = [E]' ch].’f ] =1 and G; = [Zj K]'G]-,Z ] 171, where ; is the
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CES weight on good j. The ideal price index then solves P; = [Z]- K]'p},t_”] ﬁ, and the standard
sectoral demand function is then given by ¢;; = «; i “) Tey.

Under assumption A2, we also have n;(a,z) = N; for all (a,z), where N; is aggregate labor.
Using the GDP deflator P;, the household budget constraint can then be written as a; = Ry_1a;-1 +
et + Ti — ¢y, where R; is the real interest rate. Real earnings are given by ¢;(z) = 7 (ztht +
zplt Y I1;,) % where wy = % is the real wage.

Notice that aggregate corporate profits satisfy %Ht = %t Yi(Pityje — WeNje — Yk PrtXjkt)-
Given the price index P;, we can unambiguously define real GDP in levels,

Y = PY,.

Therefore, we are left with

th (Z PitYjt — ZZ pk,tx]-klt) — wiN;
ik
1
ZPZGMW—meJ—mM
Ej x

= Yt — tht

where we used the labor market clearing condition N; = }; N;; and the sectoral goods market

clearing conditions. Household earnings can then be written in terms of real GDP as

e = thl Ayl )\

Sequence-space recursive representation. The household problem admits a recursive representa-
tion. The consumption policy function can be written as ¢;(a, z), and likewise the post-tax earnings

function of a household is given by e;(a).
As in Auclert et al. (2018), we now define

Zi = /et(a,z)gt(a,z) dadz = TtY}’)‘/zl’)‘gt(a,z) dadz,

and we define the government’s tax revenue as T; = Y; — f et(a,z)gt(a,z) dadz. Total income is
split into tax revenue and post-tax payouts to households via labor income and dividends according

to Yy = Z; + T;. Finally, notice that we can define a given household’s post-tax income as

Zl—)\

Z
T [2rg(a,z)dadz”"

ei(a,z) = e(z) =z Pyt =
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where we used

Z
Yl—/\ — t
T [ 21 gi(a,z) dadz

from above. Crucially, the normalization here [ 217%¢;(a,2) da dz is a constant even though g;(+)
moves around. Therefore, we have
er(z) = e(z; Zy).

Summarizing: the household problem. In conclusion, the household problem can be written as
max Y ' [u(ct) . v(Nt)},
{ct}iz0 =0

subject to

1-A
Z

Z
[21-2g,(a,2) dadz”™

ct+ a1 = (L4 r-q)ar +
a1 2> 4,

and taking as given the law of motion for idiosyncratic earnings risk z;. It then follows that the

household’s consumption policy function at time t can be represented as

cr = c(a,z; {Zs,rs} )
s>t

Similarly, we define the aggregate consumption function as

Ci = /c(a,z; {Zs,rs}s>t> ¢t(a,z) dadz,

which consequently also admits the representation

({Z)..)

taking as given the cross-sectional distribution at time ¢. Crucially, g; is invariant to shocks (since

it’s pre-determined at time t), so we don’t explicitly need to take it into account.
Sectoral demand and goods market clearing. The key observation so far is that the aggregate

consumption function of this economy, C;(-), admits the same sequence space representation as in

the standard HANK model. Now using household sectoral demand, we can also characterize an
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aggregate sectoral consumption function, given by

Ciy = /cj,t(a,z)gt(a,z) dadz
= /K].<I§£';f>ﬂc<a,z; {ZS,rs}szt) gt(a,z) dadz
=5(5) a({zn} )

The sectoral demand equations implied by CES preferences aggregate conveniently. In particular,
sectoral demand is a function of aggregate consumption and the relative price. Only the contempo-
raneous relative price matters, while the forward-looking sequences {Z;, rs} matter to pin down
the aggregate consumption level.

We can now use this in goods market clearing, which becomes

Yjt = K; (@:) 7th ({Zs,rs}52t> + K; <I;£:) 7}7Gt.

Plugging into the definition of real GDP, we now have

Y=Y ppi;t,{]. (’Z;) ! <Ct ({zs,rs}szt) + Gt>

j
- ;K]-p};'ipt—(l—n) <Ct<{zs,rs}s>t) + Gt>

1
Using the definition of the ideal CPT P; = [ ¥ «; p},;”] 1, we arrive at

Yi= Y xipy, <ijp};’7> i (Cf ({zr} )+ Gt)
j ] -
= Ct<{Zs,rs}SZt> + G;.

This concludes the proof of the dynamic IS curve representation.

A.2.2 Dynamic LM Curve

The real interest rate is given by the Fisher relation
re =1y — 1,

where i; is the exogenous nominal interest rate and 7; = % — 1 is CPI inflation in the as-if

benchmark. The CPI P is a function of sectoral prices p;;, which are themselves determined by

52



sectoral Phillips curves. In particular, sectoral Phillips curves in our setting admit a sequence-space

representation
v =il qme; .
p],t \/],t ({ ],5}520>

Furthermore, it follows directly from firm cost minimization that marginal cost takes the form

mejp = mc; (Aj,t/ {Prt s Wt)-

Thus, sectoral prices p;; depend on the time paths of all past and future sectoral prices, p; =
{pjs}s>0, as well as the time paths of sectoral technology shocks and nominal wages.
Finally, the nominal wage of the single labor factor (assumption A2) is determined by the

(union) labor supply schedule

v'(Ny) =

vl(ZNj,t) =~ p (Y; — Gy).
j

This equation solves for the nominal wage W; as a function of real GDP and government spending,
Y: — Gy, sectoral prices {py }«, and sectoral labor demand Nj,;. It then follows directly from the
firm’s cost minimization problem that optimal labor demand N;; must be a function of the wage Wi,
input prices {py }, technology A;; and output y; ;. Output y;, is determined by demand, which is
again pinned down by prices and aggregate demand.

The real interest rate r; then admits a sequence-space representation as a function of the time
paths of aggregate demand {Y; }s>0, technology shocks {A;s};s>0, and policy {Gs, Ts, is }s>0. This
sequence-space representation is equivalent to its analog in the representative-household RANK-1O
model, taking as given a path of aggregate demand. The assumption of labor rationing is key for
this.

A.2.3 Proof of Corollary 2

Starting with the dynamic IS equation, we have

© aC
dY; = dGs + Z 3 ! (dYs - de)/
s=t

(Ys = T)
where monetary policy holds the real interest rate constant, dr; = 0. Notice that

ac,  ac
AY.—T) _ a9e, M
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using our notation in the main text: this is the spending propensity with respect to a marginal

increase in unearned income. In matrix form,
dY =dG — MdT + MdyY,

which concludes the proof.

A.24 Proof of Corollary 3

We again start with the dynamic IS equation. Differentiating,

A aC:
dYt — 2 a(YS — ‘Ts)dYS + ars d?’s .

s=t

Recalling our definition of M}, from the main text and stacking, the matrix form becomes

dY = MdY + M'dr.

A.2.5 Proof of Corollary 4

From the definition of factor shares (revenue-based Domar weights), A; = Vg:{,\t’* , we have

dlog Ay = dlog W; 4 dlog Ny — dlog Py — dlog Y;.
Also notice that dlog w; = dlog W; — d log P;. Also, from the labor supply schedule, we have
dlog Wy — dlog P, = ndlog Ny + ydlog Y;.

Next, we define the time-varying markup p; ; to represent the sectoral Phillips curve in reduced

form,

Pj,t = ,uj,tMCj,t'

This yields dlog p;; = dlog p;j+ + dlog MC; ;. From cost minimization (and Shephard’s lemma) it

follows that marginal cost can be unpacked as
N ~ ~
dlog pjt = dlog Hit+ Z ij dlog pi s + QjN+1 dlog W; — dlog Aj,t
k=1

dlog Py = (I - ()"’) - (Q[:,L] dlog W; +dlog p; — dlogAt)

Now notice that
Fir=) ¥l =1
k
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because Qj; 4+ ¥ Qj = 1. Therefore, we have
dlog P, = 1dlogW; + ¥ dlog u; — Y dlog A;.
Now, notice that we can write
dlog P, = b'dlog Py = dlog W; + A (dlog ji; — dlog A;)
And we have

dlog Ay = dlog W; — dlog P; + dlog N; — dlog Y}

dlog Wy — dlog P; = ndlog Ny + ydlog Y;.
Thus, dlog N; = dlog P; 4 dlog Y + dlog Ay — dlog W;. Plugging in for real wages
dlog W; —dlog P, = A (dlog Ay — dlog ),
we have

dlog Ay = A (dlog A; — dlog u;) +dlog Ny — dlog Y;

A (dlog Ay — dlog uy) = ndlog N; + ydlog Y,
and solving out for d log N; yields
A(dlog Ay — dlog ) =1 (dloth +dlog Ay — A (dlog A; — dlogyt)) + vydlogY;.
Rearranging, we arrive at our result.

A.3 Proof of Proposition 5

We start from the definition of nominal GDP Y}* = }_; p;+(C;; + Gj+). We then decompose changes
in nominal GDP into real GDP and changes in the GDP deflator according to

dY{ =Y pj(dCis +dGjs) + ) (Cjt + Gj)dpjs.
j j
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Notice that we can write

lethn—YnEP]tdC]t‘f‘dG]t Ynzp]t ]t+G]t)d10gP]t
dC;, + dG;,
bj— - bjdlog p;
Z]t Cit + G ;]'t 8 Pt

- Zb]-d log Cj,t + E éde't + Zb]‘d log pjt-
j J J

where the last line evaluates around a steady state with G;s; = 0. Notice that

b _plG+G) b
R T T

where the last equality uses our numeraire assumption that Y. = 1. Thus, we arrive at the following

expression for real GDP changes:

d log Y = Z b]d log C]',t + Z p]dG],t
j j

Fiscal policy. Under our CES assumption, we have

_ (P
G]',t = KG]‘ (PGt) Gt/

where )

1-ng

1—
o [Srart®
j

Thus, we have

—7c
dG = KG] <1€éi> |:th —1G (dlog pj,t — legPG,t) Gt:| .

We evaluate our result to first order around a steady state with Gss = 0. So we are simply left with,

to first order,

pi\ "
dG]t_KG](P(];> dG;.

Sectoral consumption. Next, we unpack sectoral consumption. Recall that

= Tom() e fenid )
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We have
1 p],t —1i
=g, T (55) ]
1 p].,t —1i
= C— Z ﬂiKij <131,t> [dCi,t — 171' (d log Pj,t — d log Pi,t) Ci,t:|

it

Notice that real GDP is weighted by

P N\ T p N\ i
b]dlog C]',t = pJZ%K”(PZ> de,t - P]ZVZKU(P:) i (5”08 p]',t - dlogpi,t> Ci
1 1
where we now evaluated around steady state and used our numeraire assumption Y” = 1, which

implies

pi(Ci+Gj)
bj=—"—— =riC

Next, we work out the contribution to real GDP. Evaluating around steady state, the consump-
tion is given by

N\ i N\ T
Zb]d log C]',t = Zp] {Z%KU(Z]) dC,‘,t — Z.uiKij (?) i <d log pj,t — leg Pi,t) C1:|
j j i ! i !
p] —Ti P] —1i
= Z Z ViKiij ? dCi,t — Z Zyixijpj ﬁ i dlog Pj,t —d log Pi,t Ci.
i ! i !
The first term becomes

N o
Y. ) Hikijp; <g) dCi = Y piP!" Y kiyp; "dCiy
]t 1 ]
= Y_wP!'P"dc;,
= 2 uiPidCiy.

Now notice that

d 10g Pi,t = ZKij <P],t> leg Pj,t
j :
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Thus, we get
pi\ "
— 22 ,uiKijpj <P> i <d log pj,t —d log Pz',t Ci
joi !
pi —1i 1-7n;
— _ZZyiKijpj<I;> ni (dlogp]t ZK1]< ) dlogp]-,t>Ci
o !

p. 17’71
ZKi]' (P:) dlog p]-,t]

J

—i

[ N\ i
= = L MMk KijPi\ 5. 08 Pjt — 2 KijPj
LG Tegey () dlogp =%
i L 1

[ —1]j 1—7;
p. )7 p.
== L winiCi| xipj <p]> dlog pj; — P} ri (p]) dlog Pu]
i L J 1 j 1

:_Zyim le]p] "pldlogpj — lejp] ”’P”’dlogp]t]
i L

=0.
Under CES, there is no composition effect.
Real GDP. We are thus left with

d log Yt = Z yiPiCid log Ci,t + PGth
i

dlogC; t g ‘ dlogC;; ‘
= Z%PC Z <81 oz e dloge; s + 3o Ri’sdlogers + PcdG;.

s>t

Next, we have e; s = d(i’(g (zY!'&s)' ™), and so

dloge;s = —dlog Pis +dlog Ts + (1 — A)dlog Y + (1 — A)dlog Ci 5.
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Notice that around the steady state with G = T = 0 and numeraire Y" = 1, we have

Tthn = Yf — Tt

dlogt; +dlog Y = dlog(Y{ — T})

ayl —dr,
n__ %t t
dlog +dlog Y} = Y T,
ayp dT;
1 Y — t Tt
dlog; + dlogY{ Y'Y
daT;
dlog T = —Ttn
leg T = —th

Finally, using A = 0, we have
dloge;s = —dT; +dlogYs —dlogp;s +dlogg;s.
Thus, we have
dlogY; = Z uiPdC; + PcdG
i

= Z yiPiCl-d log Ci,t + PedG;
i

= Z uiP,C; 2 (Mi,ts { —dT; +dlogYs — dlogpis +dlog Ci,s} + M;,tsdri,s> + PgdG;.

s>t

dlog C;;
dloge; s

where M; ;s = . Now notice that by definition

dlog P =) _p;:Cjdlogpjs
j

N\ T
= Z p] Z‘uiKi]‘ (?) Czd log p]‘,t
j i !

p. 17)7!
= Z‘I/lZPZClZKU(P]) leg Pj,t
i j !

= Z,uipici d log Pi,t-
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We next show that under our (steady state) nominal GDP numeraire, we have
E“LIZ’PZ‘CI' =1.
i
This follows because we have 1 = Y,, = Zj p;iCj, and
Z,”ipici = Z,Mi ijcij = ZP]‘ Z,”icij = Z piC;.
1 1 ] ] 1 ]

Our result follows after applying a covariance decomposition using the operator [E; = ), u;.
Note that

Z ]/liPiCiMl‘ d log Pi = Z "Ml‘Mi Z yiPiCid log Pi— COZ)l‘ <Ml', PiCi d log Pi)
i i i

Ml' Z “I/ll'PiCl' (d log Pi,t —d 10g Pf) - CO’()Z' (Ml', PiCl' d log pz)

Ml' 2 yiPl-C,-d log Pi,t —d log Pt Z ]/liPiCi ) — COZJZ' (Mi, PiCi d IOg Pz)

——
=dlog P} =1

so the average term cancels.

A4 Proof of Proposition 6

Firms. Firm cost minimization implies that
N I
dlogy;; = dlog Aj; + Y Qydlogxj: + Y Qjn+idlog Njiy
k=1 i=1
['jdlog%; = dlog p — dlog MC; — dlog A;
N I
dlog MC;; = Z Qjr dlog pr + Z QinyidlogWi; —dlog Aj
k=1 i=1

We still have the Domar weight definition

1iW;tNi
- A7TE
Wil\it P,

now accounting for household mass. From here, we have

dlog A;; = dlog W;; +dlog N;; — dlog Py — dlog Y;.
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Next, we write

N 1
dlog pjt = dlog Hit+ Z ij dlog py: + Z QjNJri dlog W;; — dlog Aj,t
k=1 i=1

N B
dlog P = (1-0") (L O nydlog Wi+ dlog i — dlog Ar)
i=1

1

Now we have
dlog pjs = Y3 (I —OF); Oy sidlog Wi + Y ¥ (dlog ugs — dlog A )
ki k

or simply
d log p]-,t = qujN-&-i d log Wz',t + qu]k (d log Wit — d log Ak,t)
i k

Network objects and Domar weights. The goods market clearing condition for good j is
PitYit = lZ,”ip]',tCij,t + Xk: Pj Xk t-
Now aggregating households, we have
pityir = pjiCir + ; Pt Xkjt
= pjt Z #ibijCiy + ; PjtXkjt-
i

where

i

u=Tusi(gr) Gul{anrl,)

b, — PitCir i i HibieCig
]'t YipitCie X pjr X HibijCi

as the final (consumption) expenditure share of good j. Now we can rewrite the goods market

Now define

clearing condition as
PitYit = bjs < Y pir), ,uibij,tci,t> + ) Okt Pr Vi
j i k

Now notice that }; p;;C;j; = Y{" is also nominal GDP. So defining the revenue-based Domar weight

_ PjtYjt

A.
Jit n_
Yf

61



we have
Ajp =bjp+ Y OjAis
p

Ajp=bji + Q’[ M
At = by + QA
Ay = by + A0y,
and thus
Ap = biY,.

Similarly, we define

Putting it all together, we can write

dlog P, = bjdlogpj, = Y Ay dlog Wiy + Y Ars (d log i — dlog Ak,t)
i k

Wages. The key change is that there is now a labor supply equation for each labor type. We have

Wiy € ' (Nit)

1

Py e’ —1u'(Ci)

and therefore
dlog Wi —dlogP;; = njdlog N;; + vidlogCi ;.

Now, crucially, we can no longer use the goods market clearing condition to just solve out for

dlog C;;. Instead, we will use our sufficient statistics on the household side. We have

Cit =Ciy ({ei,szri,s} )
s>t

Thus, we have

d log Ci,t = Ml"tsdel',s —|— M;,tsdri,s>

1
= Y M ( —dT} +dlog¢is +dlogY; — dlogpils> + = Y M, dri

Cis s>t

Domar weights still solve
dlog Ay = dlogW;; +dlog N;; — dlog Py — dlog Y;.
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We now introduce our two sufficient statistics

Cip =1+ Nip —Eil\i
dlogp;; = dlog P;; — dlog P;
This yields
dlog N;; = dlog Py + dlogY; + dlog A;; — dlog W;

and plugging in we get

dlogW;; —dlogPi; = n;dlog Py + 1;dlog Yy + n;dlog Ay — 7:dlog Wi s + vidlog C; 4
(14 1n;)dlogW;; = (14 1n;)dlogP;; — n;dlogp;; +nidlogY; + nidlog A;; + vidlog C;

dlog W, = dlog P; Zi

i ,
1 + ;71 i,t-

Now I actually want to go in the other direction! I want to solve out for dlog P; ;! So this yields

dlogW;; =

i
+

i
+

1 , i .
1+ z 1,t 1+ ; 1t

Now plugging into the pricing equation and noting that ) ; ]\i,t =1, we have

i
T+7

dlog P, = ZAzt< Wdlogplﬁ—dlogPt 1_1|7_i,71

. i .
i+ T4 dlog Cl,i’)
+Y A (d log jix s — dlog Ak,t)

k

and simplifying, we arrive at

ZAzt

~ 1 ~ ;
- dlogYi = ZZ; Rit gy 108 pis = ZZ; Rz —Tm dlog Aj; — Z Ait 5 108 Cig
+ 2 Akt (d log Ay — dlog ‘uk,t)
k

This concludes the proof.
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B Quantitative HANK-IO: Model Details

This Appendix provides a self-contained description of the quantitative HANK-IO model that we
implement and take to the data in Section 4.

B.1 Production Network

Production in this economy takes place in N distinct production sectors. Within each sector, we
adopt the standard New Keynesian structure in which a retailer bundles intermediate varieties
produced by a continuum of intermediate goods producers. Dimensions of heterogeneity include
share of intermediate input bundle in production factors y, j, and share of capital in primary factor

a;. We detonate all variable in sector j with a underscript j.

B.1.1 Retailer

The retailer produces the final consumption good by bundling intermediate varieties according to

the CES aggregation technology

1 o =1
Yt = </0 yj,t(k)edk> ,

where y;; denotes sectoral production output and y; (k) is the output produced by intermediate
firm k in sector j. € denotes the elasticity of substitution across intermediate inputs. Each retailer

demands intermediate input j according to the standard demand function

pis(k)\ €
yj,t(k):< ]t_ > Yits
Pt

where P; (k) is the price of intermediate good produced by firm k in sector j, and P; is the producer

1
1 =
Pit = (/0 pj,t(k)ledk> .

B.1.2 Intermediate Goods Producers

price index (PPI) in sector j,

Production function. Firms in each industry employ CES technology to transform intermediate
inputs, capital and labor into final products.

; | f.j
fj~ 1 U T

1
Yie = Aje | (L= )" (fie) "7 4 () 7 (x16) 7

64



where A;; is the factor-neutral total factor productivity of sector j at time f. y,; is the share of
intermediate inputs factor in sector j’s production function. 74 ; is the elasticity between primary
factor and intermediate input factor. f;; is the primary factor, and x;; is the aggregate intermediate
input bundle.

Primary factor. f;; is aggregated by a Cobb-Douglas technology,

fie = (Kj)™ (Nj)
a; is the share of capital in the primary factor production in sector j. K ; is capital in use for sector j,
Nj ;s is the effective labor of sector j.
Intermediate inputs bundle. x;, is aggregated by a CES technology,

x,j

S 1 T =1\ M1
p— X Mx,j . Mx,j
Yjt = Z( jk) (xjee) "™

k=1

where 77, ; parameterizes the elasticity of goods used in the intermediate input bundle from dif-
ferent sectors i. I indicates the share of importance of industry k in the production of sector j’'s
intermediate input bundle. xj;; is the unit of final goods from sector k used in j’s intermediate
input bundle.

The standard demand functions for intermediate inputs from sector i is given by

-
Xjkt = X}((Pk,t) XJX‘t
75, ] ij,t Ir

where py ; is the producer price index (PPI) in sector k and pjy ; is the price of intermediate input

bundle in sector j. The relationship between intermediate input prices and the bundle price is given
by

1

| T
Pjxt = [erk(Pk,t)l 7]"”]

k

Nominal profit. There is an integrated and competitive market in which firms rent capital. The
nominal rental rate of capital is iK. Market clearing in the labor markets reallocation gives rise to

a nominal wage rate W;;. The nominal price of the intermediate inputs bundle is pj, ;. Firms in
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sector j have a nominal profit

_ . empl N K1 . .
I = PjtYit — (T—1 )Wj,tN],t - Ky = PixtXjt
S~ N~
Revenue from sales Cost of labor Cost of capital ~ Cost of intermediate bundle

where "' is the employment subsidy from the government to address the distortion resulted

from monopolistic competition.

Optimization. The sector-specific salary expenditure is aggregated through the CES technology.

The optimal composition between wage for different household types and effective labor is given

by

W: —Lj
Nijs = <Wl.’t> TN

1
1—7/1,]'
Wi = [Zrzz';(wi,t)lm'j]

where Nj;; is the effective labor of household type i in sector j, 17, is the elasticity of substitution
between labor supply by different types of workers for sector j, W, is the type-specific wage, W;
is the sector-specific wage, I'j is the share of salaries earned by type i worker in sector j, and Nj is
the effective labor in sector j.

In our baseline model, we calibrate 17; = 1 across sectors. The optimal labor factor composition

for each sector can be re-written as

Nij,tWi,t — F?}’W-,tN-,t
Wi = TT; (W)

Furthermore, the optimization yields the relationship between marginal product of intermedi-
ate bundle and its nominal price as

ay]',t
ax]‘/t

Pjx,t = MCj,t

Ui 1 1

= MC]',t(A]‘,t) £ (ﬂx,jyj,t)ﬁ(xj,t)_m;

(pje)i = (MCj )5 (A ey (x0)
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Similarly, for the primary factor, we have

Ky . ~ _ fir \
(91 = (MG (41271 = e o) (s
s

em Gz ; i— - f‘/ i
<(1 - T ”l)Wj,t> "= (MC) " (Ap) "N = )y (fie) ((1 - 'Xj)l\;tt)
1

In our baseline model, we calibrate 777; = 1 across sectors. Denote iy ; = (1 — piyj)a; to be
the share of capital in total production, and y;; = (1 — pix;)(1 — &j). The production function is

therefore given by
Yie = A (x3)"™7 (K™ (Nj) ™

The nominal marginal cost of production is given by

1

1
MCjy = - .
M Ay ()P ()P (p

)i (ij,t)Vx,; (15) P, ((1 _ Templ)wj/t>yl/j

The optimization yields the relationship between marginal product of factors and their nominal

prices
Yjt
Pixt = MCjtpi =
it
K Yit
i, = MC; o
t ]'t'uk']Kj,t
1 — mPHYW., = MC: it
( ") it = ],t,”l,]N,
it

We define the real marginal cost in sector j as

Given the definition of marginal cost, the firm’s nominal profit can, as usual, be expressed as

Hj,t = (1 — mC]',t)p]’/ty]‘,t.

Dynamic price-setting. We have now discussed firms’ optimal composition of factors of produc-
tion. In this essentially static choice, the firm takes as given its price level p;,(k), which is sticky in
the short run, as well as the demand it faces at this price level, y; (k). We now turn to the dynamic
choice of the optimal price level subject to an adjustment cost in the spirit of Rotemberg (1982).
Define 7t;(k) = pj:(k)/p;j:(k) to be the instantaneous rate of inflation in the price of firm k.

Firm k determines this rate of inflation subject to an adjustment cost (in utility units), in order to
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maximize an appropriately discounted sum of all future profits. The firm’s problem, then, in real

terms, is given by

© o1
max [ e 0L (0 ey )y (R 0 — A ),
ﬂj/t(k) 0 pj,t

The cost of adjusting prices at rate 77j,(k) is given by A(7;,(k)). We assume the specific functional

form

A((0) = 5 (3 00) by

Lemma 8. The New Keynesian Phillips Curves for each production sector of the economy can be written as

e—1 €

€ ))(]

ﬁj,t = l[)7T]',t — (ﬂ’lC]‘,t —
Proof of the Lemma is provided in Appendix B.6.

B.2 Government
B.2.1 Fiscal Policy
Employment subsidy. The government implements an employment subsidy "' = 1. On the
household side, the government pays a wage subsidy to households, and such outlays are funded by

a lump-sum tax based on aggregate employment. That is, the household-side net fiscal rebate that

a household with idiosyncratic labor productivity z receives is always zero, with
1
/ TP (1= )z Wik e sk — TP (1 — )z Wi gy = 0
0

On the firm side, there is an employment subsidy in place to avoid distortion resulted from monopo-
listic competition. The government gives each firm k an employment subsidy ¢! W;N; (k). And
such subsidy to firms is funded a lump-sum tax based on aggregate subsidy. The aggregate subsidy
is given by Y, T""P'W; ;N .

Tax collected. The government’s fiscal income comes from payroll tax collected, ) ; lab Wi iNjt.

Government spending. The government purchases final goods from all sectors G;; according to

the share of consumption F]g , therefore the aggregate government spending G; can be written as

Pj,th,t = F]gPth

Interest expenses. Another fiscal outflow for the government is nominal interest paid on the
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nominal government debt outstanding itPtAtg .

Transfer. The government finances such net flow through a transfer from the household. The

nominal transfer to the household’s budget constraint is
Ty = Z(Tlﬂb - TemPl>Wj,th,t — PGy — it P A + d(PAS),
j

where d(P;A?) is the change of nominal government debt outstanding. The total nominal transfer
to the households is

T, = Z(Tlab _ TemPI)W]-,thlt — PG — itPtAf + ptBtg + fﬂtAf,
j

which in real terms is given by

Rebate re-scaling. The government collect all the aggregate rebate then distribute them to different
household types following a re-scaling rule. The proportion of aggregate rebate distributed to type
i household is equal to the ratio of such type’s total income over all types’ total income at steady

state. Total income is defined as the sum of wage earnings and interest income from savings.

B.2.2 Monetary Policy

The central bank in our model sets the nominal interest rate, i;, according to a Taylor rule.
it = rss + Anml + AyAy; + &4,

where 7 is the real interest rate in the zero-inflation steady state, Ay; = log(y:/y*) denotes the

output gap, and ¢; is the monetary shock.

B.3 Households

The economy is populated by a set of types i € Z of households. We denote their measure by
ui and assume ) ; 4; = 1. Household types differ in terms of their permanent characteristics. In
addition to ex-ante heterogeneity across types, our baseline model allows for ex-post heterogeneity
in productivity (z) liquid assets () and illiquid assets (b) within types. We can therefore uniquely
identify a household of type i with the three state variables (a,b,z), and we denote the cross-
sectional income and wealth distribution for i by g; ;(a, b, z). All households purchase consumption

goods from and supply labor across N production sectors.
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Preference. The preferences of a household of type i are ordered according to

]EO/O e ~f()t(p"+§)dsu(ci,t) - ({”ik,tr n?lé,t}ke[o,l}> at,

where

_ NH
ciy = D; {Cil,t/ Cidtr -+ +s CiN,t}

is a generalized nonhomothetic CES aggregator and c;;; denotes the household i’s consumption
of goods from sector j at time ¢. ¢;; depends on household’s liquid asset holdings 4, illiquid asset
holdings b, and labor productivity z.

1k + is the labor hour supplied to union k. p is the discount rate. 777 ; is union k’s wage inflation.
Households die at rate {. The expectation operator is over future realizations of idiosyncratic
earnings risk. We abstract from aggregate risk in this paper. Finally, we assume CRRA preferences,
with

u(cit) = T

The cost function of labor hour and wage inflation, ®(-), will be discussed in more detail

below.

Heterogeneous consumption baskets. The type-specific consumption aggregator is implicitly

defined via . :
-

—
€\ e e
1= Z (Qifjci,]t> Cij,lt .
]
in which ¢;;; denotes consumption by type i household of good produced in sector j.
Nonhomothetic CES preferences still admit an ideal price index P;;, but it is now governed by
additional economic effects. To derive this price index, consider the intratemporal cost minimization

problem of the household type i
e WL 7e—1
min ij,tcij,t — (Pl' Z (Qi/jjci,]t> Cl-]-?tf P
{cije} j j
taking as given a desired level of real consumption c;;. The first-order condition yields

L

-1 N
0=pjt— ‘PL (Qz‘,jc?t) tolh
e ’ )

e
€ 1 pj,t
cije = Qe <,7C - 1 ¢ > :

or simply
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Plugging into the definition of DV, we obtain

1-7.
1-ne _ . e 1-7c EJ
(Pi - 2 QZ/] _ p it 1 t
7 e =1
Different line of attack. The first-order condition can be written as
nc—1

1
He—Vr &\ e
Pi e Qijciy) " Cijy = PiuCije

=1

. . .. . €\ L
Now summing across j, and defining the expenditure share w;j; = (Qi,jci’t) e ci].”[ , we have

e —1
e

¢i =Y _picijs = Eir,
j

noting that by definition Y wijr =1. We will also write P;;c;; = E;;. Thus, we have

Pi, e Pjt e He+ej
o= =) R 28
il ’]C (Ez,t> g <Pz t Cl't @)

This is the key equation for the intratemporal problem with nonhomothetic CES. Given parameters,

sectoral prices p;;, and desired real consumption c;, this equation defines the spending on each

good that minimizes total expenditures while attaining the real consumption level.

Price index. The price level P;; itself changes as real consumption c; ; changes due to a switching
effect.

Plugging in for the optimal demand c;;;, we have

Pit e e+
Eiy = Piciy = Z {Pj,tQi,j <P]> th 8]}
. 1,t

] ’
1 +e
Z {P], mpm ,Jcm ]}

or simply
1

1-p g—(1-n)\ "7
lt_ (Zﬂx]p]t lt >

which of course also implies
1

117 1-1c
c
uc = (Doum, "))
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Therefore, a household’s consumption bundle price really takes the form

Py = P({Pj,t}jr Cig)-

In particular, once we solve for the consumption policy function c;;(a,b,z), the consumption
basket price will take the form P;;(a, b, z). In other words, every single household faces a different

consumption price index!

Death and birth process. Following [Blanchard (1985)], we introduce perfect annuity markets, in
which households can trade claims on their remaining wealth at time of death. They pledge this
wealth to a risk-neutral insurance company that, in turn, compensates households with a flow
annuity payment at a rate ¢ times their current asset positions. This is exactly the payment rate that
makes the insurance company break even in expectation. Introducing household death rates is a

commonly used technique to ensure stationarity in the wealth distribution.

Labor market. Following Auclert et al. (2018), we assume that household labor supply decisions
are intermediated by labor unions. Each household type i provides n;; ; hours of work to each of a

continuum of unions indexed by k € [0, 1]. Total labor hours supplied is

ni,t = /knl‘k,tdk.

Each union aggregates effective labor units provided by each household of type i, into a union-
type-specific task Ny, given by
Nikt = Znikt,

where 2 is the average productivity of all type i households supplying labor to union k. A labor
packer then further aggregates these labor services into aggregate labor supply

n W1 ew 1
v
o= ([N )

and sell it to firms at the nominal wage W; ;. Each household type i supply n;; hours of work, which

is the sum of labor hours supplied to N sectors

njy = Znij,t
j

Wage subsidy. As is standard in the New Keynesian literature, we allow for an wage subsidy
to avoid inefficiency resulted from monopolistic labor competition. Given union wage receipts
(1— lab )zi t Wik i1 ¢ to a household with labor productivity z; ;, the government pays the household

lab)

a proportional wage subsidy rempl (1 —7'"")z; Wik s11jx + which the union internalizes when setting
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wages.

Wage rigidity. Labor union k sets a common wage Wi ; for each of its members, and regulates its

members to supply the same hours of work. We assume that each union k faces a quadratic utility

2
. . . . : . . . x? w . . w o Wik,t
cost when adjusting its nominal wage Wy ;. This cost is given by %- (nik’t) ,in which 7t , = Wi,

is the rate of nominal wage inflation by unions, x modulates the strength of wage rigidity. ®(-) is

given by
1 w 1
P ({nz’k,t/ ﬂfz,t}ke[o,lo =v (/o nik'tdk) * % /0 (niwk't)z ak,

where v(-) captures dis-utility from working, given by

(”i,t)1+¢

v(niy) = 1+¢

Wage Phillips curve. Union k chooses wage in order to maximize stakeholder value, namely the
sum of stakeholders’ utilities. That is, union k solves

o Iy pods , W) — L X N ke
maxEg [ e o [u (cit(a,b,z; Wi y)) — o i pdk 5 ) dk|gisd(a,b,z)| dt,
’ Jo . ' ’ Jo Jo ' '

w
ikt

We further assume that union k is small, and it takes all the macroeconomic aggregates, including
the cross-sectional household distribution. We solve the dynamic wage setting problem, where
we derive the wage Phillips curve in continuous time. We show that in equilibrium the solution
is symmetric, that is Wy, = Wi, njx s = n;, and Ny, = N; ;. The New-Keynesian wage Phillips

curve is given by

(14 7P (1 — T Ay — 0 (ny4) | 1y

v [e? -1
W w
Tt = Pt70; + XTU [ cw

where we define A;; as
Aip = / zigu' (cip(a,b,2)) gisd(a,b,2)

As x¥ approaches zeros when we assume flexible wage setting, for the wage Phillips curve to have

stationary solution, we must have

/ e’ —1 I lab
[% (ni,t) - e (1 + TP )(1 — T )wz‘,t/\l‘,t.

Two-account portfolio. Each household has two asset accounts, liquid a;; and illiquid b; ;. They
can move funds between these two accounts, subject to a transaction cost. The liquid account has a
relatively low real return of and they are subject to a borrowing constraint, a;; > a . The illiquid

account carries a higher return and is subject to a short-sale constraint b;; > 0. The household
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makes a real transfer decision in each period ¢; ¢, the deposit from liquid asset to illiquid account
(or withdrawal from the illiquid account to the liquid account if ;; is negative). The transfer is
subject to a transaction cost §(1; ¢, b; ), which will be paid out from the liquid account. Households’
two asset accounts are all held with the representative financial intermediary. We will discuss the

transaction cost function below.

Portfolio adjustment costs. When households deposit funds into the illiquid account they incur
adjustment costs given by (1; ¢, b; ;). We follow [Kaplan et al. (2018)] and use a functional form for

adjustment costs given by

‘lit‘ >¢z
Lit, bit) = Poltie] + < max {b;;, 13} .
Wi big) = toluis| + 91 max {bis, 5] {bit, P3}

in which ¢ > 1, 3 > 0.
Such an adjustment cost function has a kink at : = 0. With ¢p > 0 and ¢»; > 0, we have

Po—-1

l,',
Yo+ Y192 | mapiy

l,‘,
—Po — P12 W:mps}

, Lip > 0
h—1

Yu(tie, biy) = )
, [i,t <0

The inverse of ¥, with respect to ;; has the following function

B (¥u, — o) T max {bin 93}, Y, > o

1 (i, biy) = 1 :
B (=W, — o) 2 Tmax{bis, Y3}, i, < o

1
in which B = (y192) ™ %2, and ;; cannot exceed the limit /**.

Budget constraints. Households faces two budget constraints, one for the liquid account and the

other for the illiquid account.

Illiquid account. Household’s illiquid account is denominated in the unit of capital, and it evolves

according to
bi,t =Chi+ iy,
in which 1;; is the deposit from the liquid account in unit of capital, and ¢ is death rate.

Liquid account. In nominal terms, the household’s evolution of liquid wealth is given by

d(Prajy) = (if + &) Py + i PEby s + (1 — Tz imi Wi + Ty — Y piciie — Pl — Pep(tip big),
i
where i is the nominal return on liquid account holdings. T;; = 6;(}; I1;; + T¢) is the nominal
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aggregate transfer to type i. I1;; is the nominal profits from intermediate producers in sector s
which are all distributed to the liquid account. ! is the nominal rate of return on illiquid account
investment that is distributed to the liquid account. T/ is a constant income tax rate. PX is the
nominal price per unit of capital. Rewriting this, we have

Praj + Py = (if + &) Prajy + i PEbyp + (1 — T%)z my Wiy + Tip — Y pisciie — PRuip — Pep(iig, biy).
j

Let 7 = % denotes price inflation. Furthermore, we denote the household’s effective real

Wi . . .
wage as w;; = —p*. Thus, the household’s nominal wealth evolution equation becomes

b K K
. . 17 P; W‘,t T',t E',f P

ai+ap = (i + Oag+ b+ (1— Tz my—5 + 24— 2 by (i, byy).
P Py Py by

P
by

Thus, a household’s liquid wealth in real terms evolves according to

. E;,
aip = (r{ +¢)aiy + rfbi,t +(1- Tlab)Zi,tni,twi,t + Tt — Pflt — qetip — (i, big).

in which

b ik
t Pt
v — Wi
it Pt
- 91' (Z] H]',t + Tt)
ip=
7 Pt
_ B
qt - Pt .

Optimization. The first-order conditions from HJB optimization are given by
pVi(a,b,z) = maxu(c;s) — (i, iy ;)
+ ((r?,t +8)ai; + T’?,tbi,t + (1= %)z i i+ Tip — Cip — Qipli — ¢(li,t/bi,t)) 9aVi(a,b,z)

+ (8biy +1it) O Vig(a,b,z)

2
o
+ 4z0:Vii(a,b,z) + fazzv,,t(a, b,z).
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The first-order conditions with respect to c;; are given by
u'(ciy) = 04Vig(a,b,z)
The first order condition of the HJB equation with respect to 4;; is given by

ab‘/i,t(a/ b/ Z) = all‘/i,t(a/ b, Z) (Qi,t + lI)l(Li,tl bi,t))

Plugging in ¢, we obtain the optimal deposit/withdraw being

1 (9%Vis(a,b,z)
* 1 pVit\4,Y, o .
lz,t — Y <aa Vi,t(a/ b, Z) q:,t: bl,t) .

We use an semi-implicit upwind finite different method following [Ben Moll], which we
discuss in detail in the [Appendix]. Our upwind method splits the drift of 4 into two parts s° and s,
and splits the drift of b into m* and m’, and upwind them separately.

B.4 Financial Intermediary

A representative financial intermediary (the "bank") has two activities: (1) a banking activity,
performing maturity transformation by collecting real liquid assets from households 4; ; and invests
them in government bonds, subject to an intermediation rate w (2) a mutual fund activity, collecting
illiquid funds b;; and intermediate the funds in the form of physical capital to intermediate
producers. The representative financial intermediary faces the following flow-of-funds constraints

for the liquid and illiquid account respectively.

Liquid account. The financial intermediary takes the aggregate real liquid asset and invest them
into government bond, net of an intermediation cost. On the liability side, it is obligated to
deliver returns if on P;A;. On the asset side, the financial intermediary would own P;A; worth
of government bond, which yields a return equal to the nominal interest rate i;. The financial
intermediary would take an intermediation cost wP; A; from the return on government bonds in
total. Under no arbitrage, the payment to households and the gain from owning government bonds

net of intermediation cost must be equal, so we have:
if =it —w,a;; >0

that is, in equilibrium, the financial intermediary fully pass through the cost of intermediation to
the liquid account depositors.

Note that there is a borrowing wedge 6, that is the borrowing rate if a;; < O is,

i?:it—w+9,ai,t<0
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Given that r{, = if — 7;;, the real return to liquid account investment r{, is therefore given by

rip = o, >0(it — w — 7ip) + Loy <o (it — w + 0 — 7).

Illiquid account. The bank takes the illiquid assets in units of capital from all households B; =
Y [ bitd(a,b,z), denominated in PX. It is obligated to deliver a nominal return of i¥. The bank
intermediate illiquid assets through an integrated and competitive rental market in the form of
physical capital to intermediate producers in sectors as Kj,. The sale price per unit of capitalis PX

and the rental rate is iX. We have
B, — Z/bi,td(a, bz) =K =Y Kj,
i j
and capital has a depreciation rate of J.

Investment and capital stock. The bank owns capital, rents it to firms for final goods production,
and makes investment decisions for capital stock replenishment. The bank has a technology that
aggregate [;; unit of final consumption goods across sectors indexed by j, through the economy’s
investment network, into GI; = I; + ®K; unit of gross investment priced at PtG I which got turned
into I; unit of capital at price PX and distributed to N sectors. Capital depreciates at rate 5. ®K; is a
depreciation-offsetting quadratic adjustment costs in unit of final consumption goods

It _K It

qD(E) P= E(E — 5)%Ky

in which ¢ is the depreciation rate, and « is the capital investment adjustment cost coefficient.

The capital stock evolution is given by
Ki» = It — 5Kt

The total capital investment is aggregated by a CES technology,

i

N 1 i1\ 11
Gl = (Z (r}) i (Ij,t) ’771:' )

j=1

where 7; parameterizes the elasticity of goods used in the input bundle from different sectors for
investment production. I“]I indicates the share of importance of industry j in the production of
the aggregate investment goods bundle. ;; is the goods produced in sector j that is used in the

production of the aggregate investment bundle.
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The standard demand functions for investment goods from sector j is given by

N
,t
zj,t:r}<pé]> Gl
Pt

The relationship between sectoral prices and the capital price is given by

1

. T-n;
= | S

]

In our baseline model, we calibrate #; = 1, therefore we have the relationship for every j sector

pislie =TI pe' Gl

P?I = H(Pj,t)r]

]

The bank’s nominal profit from capital investment per period is
K GI Iy
Iy =Pl — By It+®(E)Kt

The static profit maximization problem is solved by the first-order condition with respect to I,
given by

I I
P = PP (1+@'(1)) = PE (1 + k(7 — )
K Ki

Investment return. The bank conduct the following activities: (1) receives iXK; for rent payment; (2)
pays out PS! ( I + @(%)Kt) to generate new capital worth of PXI;, and (4) capital PXK; depreciates

at rate 6 . The change in nominal value of the bank is given by
Vi = ikK; + PXI, — PCIGI; — 6PRK;

The initial value of the bank V; = PXB; = PX 3_; K+, and as we are left with the nominal return
i’ given by

b _ ikK; + PXI; — PE'GI; — 6PFK;
! PKK;
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and for ¥, we have

b pK
b _ 4B

T
1,t .
Pz,t

_ K + PKI, — PEIGI, — 5PFK,
P; 1K}

B.5 Equilibrium

Definition 1. (Competitive Equilibrium) Given an initial capital level Ko, household variables
{Pi s, Wi, Pr}, sector-specific variables {y;:, Nj, Kjy, Ij1, pj+ }, bank-related variables {PFI,PK Ky, ik},
individual decision rules {c;¢, tit, nj;}, such that households optimize, firms optimize, bank opti-

mizes and markets clear.

Aggregation. The following equations characterize our definition of aggregation by type.
A = Z/agi,td(a, b,z)
i
Bi,i = Z / bgi,td(a/ b/Z)
.
Ce=)_ / cit(a,z)gii(a,b,z)d(a,b,z)
i
Aip= [ 2 (cis(a,b,2)) giad(a,b,2)
Dz’,t = Z/lz‘,tgi,td<ﬂ, b,Z)
i
Yir=), / $irgird(a,b, z)
i
Market clearing. Capital market clears when capital owned by household is equal to the sum of
capital demand by firms. Bond market clears when the household budget constraint is binding.
Goods market clears when production in each sector is equal to the consumption and use. Note that
we are assuming that the goods market finance all miscellaneous costs, including the borrowing
wedge, the bank intermediation costs, and the portfolio adjustment costs, through the same

consumption network and the dynamic type-specific consumption shares. The inputs are final

goods from all different sectors oc;;. All market clearing conditions are given by
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Bond market clears.

A = A
Capital market clears.

Bi =K; =) Kj;
j
Capital production clears.
Dt - It - (SKt

Labor market clears.

/ e’ -1 I lab
v (niy) = ew (T4 7P (1 — T w; 1Ay

Goods market clears from Walras” Law in Appendix B.7.

Yit = Cjt + G]',t + I]',t + ZX]'_n‘,t + 0Cjt
i

Steady Equilibrium. At steady state, ¢; = 0, and K; =0, P; = 1, therefore we have
A= A3
B; = K;

Di=1—-0Ki=0

S e—1
Bt €
! €’ —1 empl lab
v (nit) = = (14 7"P) (1 = T )wi Ay

Yit = Cjt + Gj,t + Ij,t + + ijﬁi,t + 0Cj
i
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Transition Equilibrium. During transition, we have the following conditions

S5:=0
B: = K;
! €’ —1 empl lab
v (ni,t) = cw (1 +T )(1 — T )wi,tAi,t
. e—1. ¢
Tty = 7T — (mcjp — )—
Xj

Yit = Cjt + G]',t + I]',t + + Zx]-_ﬂ',t + 0Cjt
i

B.6 Proof of Lemma 8

Proof. Since in equilibrium, all firms are symmetric, we will drop the j indexation for simplicity.
Denote p = Pi(j), P =P, Y =Y, m = m, x = x, W = W,, taking P as given, the firm’s problem in

recursive form is

() =g { (5 ) (5) ¥ B 4 e+ 160

where ] is the corresponding value function of the maximization problem. The first order conditions

of the recursive form are given by

Jo(p.t)p = xmY
—-e-1Y —-€Y
(0=m Ip(pt) == (E=me)e(B) " 5+ (5) " 5+Imlppm+Jn(p.t
In a symmetric equilibrium we will have p = P, and hence

Y
Jo(p,t) = 22

Y Y
(0 =7) Jp(p 1) = =(L =mc)e s + 5+ Jpp (P, 1) P7T + Jip(p, 1)
Differentiating the first equation with respect to time, we get

XY

; Yr 7Y P
Jop(p, )P+ Jpe(p t) = 5 LT X

P P P

and plugging in the second equation, we get

_ Y Y xYr® xYm xmYP
(p—m) 5 = (1 mc)eP+P P + Z P P
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Putting it together, we have

B.7 Derivation of the Walras’ Law

Illiquid account. Given the capital production clearing condition D; = I; — JK;, the aggregation of

the illiquid account budget constraint is

M, = —€B; + /dbd(a, b,z) = —EB; + 52/ bid(a,b,z) + 2/1i,td(a, b,z) = D; = I — 6K,

Liquid account. The law of motion for households’ liquid weath is given by

aip = (1 + &)aie +17bis + (1 — T%)zem; sw;, + rebate;s — cip — qistis — P(1is, big)-

Similarly, the aggregation of liquid account in real terms budget constraint is

0=S5;
_ LiPisSi
Py
_ LiPip(=0Ai + Jda;d(a,b,z))
Py
1 YiWieNje YL+ T
=—CAr+ 7 Zpi,t ((r?,t +8) A+ r?,fBi,f + (1) = P:t 4= 113“ —Cit —qitDiy — ‘Fi,t)
1 7 7

1 . b pK Y Wi Ny YIL,+T; pkK
— 1D, A MB 1— lab J 1A ] =7 —C—ftD ¥

2 ;rm it A+ 2 t+ ( T ) 2 =+ pi t 2 t t

1« ., iKKy + PXI; — PEIGI, — 6PKK; taby 2 Wi eNjt
= — Y P LA By + (1 — glaby =L 10t

2 ;rz,t it Aip + Pth tt ( T ) Pt

Vi (pjayje — (L= TPHYWj Ny — KK — prsxie) + 5 (710 — T"PYW; Njy — PGy — 11 P Af Pk

Pk P! X (Pjx¥j)
:rt(Athf)fwA,ngOAt’+P—tt(ItfzSthDt)fltj—tGItJrththCt—‘Ft, j p];t,t it

Government expenditure, investment expenditure, and consumption expenditure follow 1"]3 ,

I'" and I, respectively. We assume that all other expenditures, including the intermediate costs
and the portfolio adjustment cost, follow the consumption preference and the consumption shares
between different household types, ©f, are the same as that of the consumption expenditure.
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Therefore the sector-specific goods market clearing condition is given by

Vig=¢jt+ G+ 1L+ + ijﬁilf +ocj;
i

in which oc;,; is the unit of final products from sector j which are used to finance all other costs for

all types of households.

B.8 Sequence-Space Representation

A household of type i has lifetime utility

Vial) = max Eo [ e 00 fufey) —o(y)|at,
0

{Ci,trli,t}

where hours of work N;; are taken as given.

The household’s liquid and illiquid budget constraints are given by
. .
aip = (rf(ags) + Eagr + 100 + (1 — 7%°)z; 0, Nip + T — B ( ZQjP},taijt) — qetip — P (Lig, biy)
j

Bi,t =Cbiy+ 1y

The household also faces borrowing constraint a;; > a and short-sale constraint b; ;. We will switch
notation to denote by X = ! the illiquid return (“on capital”). The composite return on liquid

assets or debt is given by
ri(a) = La>o(r — w) + Lo (1 — w + 6).

The return on the illiquid asset, the fiscal rebate (in absence of rescaling), and the capital price

are respectively given by

k _ ifKi+ PKI — PEIGI — 0PFK,

f PiK;
- TPy — WieNje = i Kyt = pragin) + 5T WyNye
= P, — Gy =11 AY
_ P PP+ k(E —9))
l]t — Pt — Pt 7

where PEl is the price of investment.

Sequence-space representation. First, notice that the household problem does not depend di-

rectly on parameters that differ across types i. The consumption policy function can therefore be
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written in sequence-space representation as

Ci,t(ar b,Z) = C¢ (a, b, z, {7"5, 7’51 6]5, Ts, ZS/ {Ci,S}i/ {pjrS}j}s>0>

where we denote by
_ Pit
pj,t - Pt

the price of sector / good j relative to the aggregate consumper price index P, by
Zy=(1—1) 2/// zw;tNisgir(a,b,z) dadbdz = (1 — 7)Y pjw; N,
i i

aggregate private post-tax labor income, and by

wi,tNi,t

Cit = oo
Y piw;Niy

household type i’s labor income share, so that we can write the household budget constraint as
(1 - Tlab)zi,twi,tNi,t = Zi,tztgi,t-
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C Data

This appendix provides details on the data we use to construct our empirical results.

C.1 Factor Shares

We obtain the factor shares for sectors from BEA’s I-O GDP by Industry dataset from 1997 after
industry classifications are based on NAICS. We then crosswalk sectors based on 2-digit NAICS
level to 22 sectors in total. All concordances are weighted by gross output levels from BEA’s Gross
Output by Industry Table.

Figure 8 plots the labor share in the production of primary factors 1 — &; for each sector j.
Given the Cobb-Douglas structure of our primary factor production function, the parameters are
calculated as the ratio of compensation of employees to the value added adjusted for taxes and
subsidies. We obtain this ratio for each year from 1997-2021, then take the average value.

Figure 9 plots the share of intermediate inputs in the production function y, ; for each sector j.
Given the Cobb-Douglas structure of our production function, the parameters are calculated as

the intermediate input expenditures as a percentage of gross output, averaged over 1997-2021. We

Labor Share in the Primary Factor

Accomodation and food services I
Administrative and waste IR
Agriculture IR
Arts and entertainment I
Construction | IE—
Education services II—
Finance and insurance I
Healthcare and social assistance I
Housing I
Information I
Manufacturing | [IEE—
Manufacturing || IR
Manufacturing 111 | I
Mining I
Other services I
Professional and technical I
Rental and leasing I —
Retail trade I
Transportation IE——
Utilities I
Warehousing (I —
Wholesale trade I

0 2 4 6

Figure 8. Labor Share in the Primary Factor 1 —«;

Note. We compute the sector-specific labor shares in the production of primary factor from the BEA GDP by Industry
dataset. The labor share 1 — «; is the computed as the compensation of employees as a percentage of value added,
adjusted for taxes and subsidies, averaged over 1997-2021. We then map the 66 sectors into 2-digit NAICS industry
specification, with all concordance weighted by gross output levels.
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Intermediate Inputs Share in the Total Gross Output
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Figure 9. Intermediate Inputs Share in the Total Gross Output i, ;

Note. We compute the sector-specific labor shares in the production of primary factor from the BEA GDP by Industry
dataset. The intermediate input share y, ; is computed as the intermediate input expenditures as a percentage of
gross output, averaged over 1997-2021. We then map the 66 sectors into 2-digit NAICS industry specification, with all
concordance weighted by gross output levels.

obtain this ratio for each year from 1997-2021, then take the average value.

C.2 Capital Investment

We use the BEA 1997 Capital Flows table to calculate the share of capital distribution from each
sector 1";"”. The Capital Flows table includes 180 commodities with corresponding NAICS codes.
Our first step is to match the commodities used to the sector categories. Most of the matching are
straightforward given the NAICS codes in both the Capital Flows table and the Input-Output table.
Special attention should be paid to the following: (1) "Manufactured homes, mobile homes" in
commodities is categorized under the "Housing" sector; (2) "Retail trade" in commodities include
both 44 and 45 by NAICS codes, we divide and assign it to "Motor vehicle and parts dealers",
"Food and beverage stores", "General merchandise stores", "Other retail" according to these four
sectors’ sizes measured by the gross output in 1997; (3) "Offices of real estate agents and brokers" in
commodities is categorized under the "Rental and leasing services and lessors of intangible assets"
sector; (4) "Noncomparable imports" is excluded. Figure 10 plots sectoral input shares of total
capital investment. The top investment hubs are "Construction”, "Machinery", "Motor vehicles,

bodies and trailers, and parts", and "Computer and electronic products". These four investment hub
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industries together account for nearly 70% of inputs used in the production of capital investment.

The sparseness of the investment network is collaborated in Vom Lehn and Winberry (2022).

Inputs Share in the Capital Production
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Figure 10. Sectoral Inputs Share in Capital Investment I’;m’

Note. We compute the sectoral inputs share in the aggregate capital investment using the BEA 1997 Capital Flows table.

C.3 Government Spending

We use the BEA industry input-output "Use" table to compute the share of government spending on
goods from different sectors r}? . The parameters are calculated as the government expenditures in
sector j as a percentage of total government spending. "Government" includes federal government,
federal government enterprises, state and local government, and state and local government
enterprises. We average the annual share across 1997-2021. Figure 11 plots the government

spending share, averaged across the sample period.

C4 Mark-ups

Steady state markups across sectors are given by p; = :—jl We calibrate ¢; directly to match
]

sectoral markups using data from Baqaee and Farhi (2020). They use three alternative approaches

to estimate sectoral markups from 1997 to 2015. The average markup for each sector in any

particular year is computed as the harmonic sales-weighted average of firm markups, which are

taken from Compustat and assigned to BEA sectors. We use the average of their benchmark
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Government Spending Share by Sectors
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Figure 11. Government Spending Share on Sectoral Goods Fjg

Note. We compute the share of government spending on goods from individual sector j in total government spending
every year, then we average the ratio across 1997-2021.

estimates following the accounting profits approach because the average markup is then around
10% and thus closer to the standard markup assumed in the HANK literature. Figure 12 plots the
markups for each of the 22 sectors.

C.5 Monthly Price Adjustment Frequency

We map the sector-specific monthly price adjustment frequency, 1 — ©, from Pasten et al. (2017)
to the 22 sector categories. They use the data underlying the Producer Price Index (PPI) for 754
industries (defined by 6-digits NAICS codes) from the U.S. Bureau of Labor Statistics, from 2005 to
2011. This measure is more recent than earlier estimates by [Nakamura and Steinsson (2008)] and

more comprehensive than estimates from [D’Acunto et al. (2018)]. Figure 13 plots such sample.

C.6 Firm Price Adjustment Cost Parameters

To pin down parameter ), We establish the relationship between our monthly price adjusting data,

usually seen in Calvo models, and the adjustment cost parameter in Rotemberg-type setting. We

derive the continuous-time firm adjustment cost parameters according to [Sims and Wolff (2017)].'

19 There is a strand of literature that studies the difference between Rotemberg and Calvo models. [Nistic’o (2007)]
and [Lombardo and Vestin (2008)] compare the welfare implications of the two models. [Ascari et al. (2011)] and [Ascari
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Markups
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Figure 12. Sectoral Markups vc;‘k

Note. We compute the markups using data from Baqaee and Farhi (2020).

Calvo. In the Calvo model, a randomly selected fraction of firms, 1 — 6, can adjust their price

in a given period. All updating firms adjust to the same price P*, and the adjusting inflation is

1+t = P/ P;—1. Overall inflation 7t; satisfies

1+m e xiy
1+ €—1xp;

1
X0 = amCth + 0BE; (1 + 7t111) x1,641

1 _
%20 = &Y+ OPE: (1+ 1) X

and Rossi (2012)] investigate the differences between the two models under a positive trend inflation rate. [Ascari and
Rossi (2011)] study the effect of a permanent disinflation in the Rotemberg and Calvo models. More recently, [Boneva et
al. (2016), Richtera and Throckmorton (2016), Eggertsson and Singh (2018), and Miao and Ngo (2018)] investigate the
differences in the predictions of the Rotemberg and Calvo models with the zero lower bound for the nominal interest rate.
[Sims and Wolff (2017)] study the state-dependent fiscal multipliers in the two models under a Taylor rule in addition to
periods where monetary policy is passive. Moreover, [Born and Pfeifer (2020)] discuss the mapping between Rotemberg
and Calvo wage rigidities.
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Monthly Frequency of Price Change (%)
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Figure 13. Monthly Price Adjustment Frequency 1 — ©

Note. We map the sector-specific monthly price adjustment frequency from Pasten et al. (2017) to the 22 sector categories.

Inflation evolves according to
I+m)  =1-0)1+m)  +0

The NKPC in the Calvo setting is given by

7y = BEit41 + (- 9)(91 —6p) (Inmc; — Inmcy) (29)

Rotemberg. We use an alternative of Rotemberg setting, where we denote the adjustment cost by

2
A(m) =4 <7‘ct) P;Y;. The NKPC in Rotemberg is given by,

7y = BEiTti4q + €X;1(ln mcy — Inmcy) (30)

First order equivalence. For the slopes of NKPC in equation 29 and in equation 30 to be equivalent,
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we would have

1-0)(1-68) e—1

0 X

Therefore, the adjustment cost parameter y is given by

C (e—1)0
N a—e)(1-06p)

in which 6 is the probability that price remains unchanged for a quarter (3 months), § = (1 — ©)3,

where © is the monthly price adjustment frequency.

C.7 Intermediates Input-output Share

We calibrate the weights on intermediate inputs (x;‘k so that our model’s production network is
consistent with the BEA’s input-output table. We use the Industry Input-output “Use” Table. For
each year, we calculate the parameters of the intermediates input-output network tx;‘k as sector |
(columns)’s nominal expenditure on intermediate inputs from sector k (rows) as a share of j’s total
expenditure on intermediate inputs. Then we average the ratios across 1997-2021. Figure 14 plots

the heatmap of the input-output network, averaged across the sample period.

C.8 Centrality

A reduced-form measure of a sector’s centrality in the input-output production network is the
Katz-Bonacich centrality measure discussed by Carvalho (2014). We compute centrality as ¢ =
n(I— Aa;‘k)*ll, where we set 7 = 128 = 1502 and A = 0.5.

Figure 15 plots the centrality measure for each of the 66 sectors. The top 10 most important
suppliers in the production network are: (1) Professional, scientific, and technical services (2)
Real estate (3) Chemical product (4) Administrative and support services (5) Finance and credit
intermediation (6) Management of companies and enterprises (7) Primary metals (8) Oil and gas
extraction (9) Insurance carriers and related activities (10) Utilities.

We also calculated the outdegree of sectors, defined as dy = Zj uc;“k, that is, the sum over all
the weights of the network in which sector k appears as an input-supplying sector. The correlation
between the outdegree measure and the centrality measure is 0.99, providing us with confidence

with the central nodes in the production network.

C.9 ACS-IO: Sectoral Payroll Shares

We build the dataset of sector-specific payroll shares for college graduates and non-college house-
holds.
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Figure 14. The Input-Output Network oc;‘k

Note. We compute the share of nominal expenditure on intermediate inputs from sector k (y-axis) for each sector j
(x-axis) every year, then we average the ratio across 1997-2021.

Data Source. We obtain cross-sectional household occupation and payroll data from the Ameri-
can Community Survey (ACS), made available by IPUMS (Ruggles et al., 2015) from 2004-2015 to
be consistent with the CEX dataset.

Sample Restriction and Household Types. First, we clean up the ACS dataset by excluding those
who are not in the labor force as well as outlier data points (wage income below $1,000 and beyond

$9,999,998). We then divide the remaining data points into two types, college and non-college.

Matching. Second, we map the cleaned earnings data to the sector classification from the BEA.
Finally, we follow Clayton et al. (2018) and use the "many-to-one" method to merge the sectoral
earnings data. For the BEA sectors that do not have a corresponding ACS industry identifier, we

borrow the variables of interest from industries closest to those.2’ We refer to the dataset as the

20 Specifically, "Wood products” borrows from "Nonmetallic mineral products", "Motor vehicles, bodies and trailers,
and parts" borrows from "Motor vehicle and parts dealers", "Securities, commodity contracts, and investments" borrows
from "Federal Reserve banks, credit intermediation, and related activities", "Funds, trusts, and other financial vehicles"
borrows from "Federal Reserve banks, credit intermediation, and related activities", and "Other real estate" borrows from

"Housing"
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Centrality Measures
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Figure 15. Sectoral Centrality vc;-‘k

Note. We compute the centrality measure following Carvalho (2014) using the input-output matrix oc;(k.

ACS-10 sample.

C.10 CEX-IO: Expenditure Share

Data Source. We use the U.S. Consumer Expenditure Survey (CEX) by the BLS from 2004-2015
to obtain expenditure shares across product categories for households at different quantiles of
the income distribution. The CEX is a widely used consumption survey tracking spending in all
product categories, including goods, services, housing, and health. It consists of two parts, the
Interview and Diary surveys. The Interview surveys collect responses from households annually
for up to 4 consecutive quarters of questions, covering a wide range of purchases. The Dairy
questionnaire contains more detailed questions about daily purchases, and are collected at weekly

frequency. We use both for our data construction.

Sample Restriction and Income Distribution. We follow [Aguiar and Bils (2015)] and impose a
set of sample restrictions. We restrict the samples to urban households. We restrict households to
those with certain demographic dummies including reference persons between the ages of 25 and
64. In order to eliminate outliers and to mitigate the impact of time-varying top-coding, for each
year we exclude households in the top and bottom five percent of the total income (net of taxes)

distribution. Lastly, we follow [Jaravel (2019)] and eliminate those whose income is below $5,000,
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and we divide the households into 100 quantiles.

Expenditure Adjustment. We follow [Comin (2021)] and make certain adjustment to the expen-
diture data. We exclude any taxes and social security payments. Similar to [Aguiar and Bils (2015)],
we exclude alimony, child support payments, support for college students, occupational expenses,
estimated monthly rental value of owned home, estimated monthly rental value of vacation home,

and estimated rental value of timeshare.

Matching. We match the UCC categories in our sample to 66 BEA industries based on a manual
concordance assembled by [Levinson adn O’Brien (2019)]. Note that we match all home ownership

"non "o

expenditures such as "home-owners’ insurance"”, "mortgage interest", "home equity loan interest
paid", and "prepayment penalty charges" to "Housing" in BEA. All vehicle-related services, repairs,

insurance, rentals and leases are assigned to "Motor vehicle and parts dealers".

Expenditure Shares. The large majority of households do not report expenditures in all possible
categories in a given year. In addition, a different set of households is surveyed in the Interview and
in the Diary files, so the full consumption profile (both Diary and Interview module expenditures
together) of any particular household is never observed. This means that we cannot compute
expenditure shares for each household. Rather, we aggregate households into income quantiles

and work with the quantile average.

D Additional Details About nhCES

D.1 Theory and Notations

Preference. The preferences of a household of type i are ordered according to

o ot
E, /0 e ety (e ) — @ ({nik’t, ”f'%,t}ke[o,u) dt,

where

_ NH
Cit = Di {Cil,tl Cidtr «vvy CiN,t}

is a generalized nonhomothetic CES aggregator and c;;; denotes the household i’s consumption
of goods from sector j at time ¢. ¢;; depends on household’s liquid asset holdings 4, illiquid asset
holdings b, and labor productivity z.

ni ¢ is the labor hour supplied to union k. p is the discount rate. ﬂf,‘é ; is union k’s wage inflation.
Households die at rate §. The expectation operator is over future realizations of idiosyncratic

earnings risk. We abstract from aggregate risk in this paper. Finally, we assume CRRA preferences,
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with

ct”

u(c;;) = 22—,
( 1,t) 1 _ ,)/

The cost function of labor hour and wage inflation, ®(-), will be discussed in more detail

below.

Heterogeneous consumption baskets. The type-specific consumption aggregator is implicitly

defined via
1 -1

— - g]- 'TC e
1= Z (Ql,]ci,t) Cijt

j

in which ¢;;; denotes consumption by type i household of good produced in sector ;.
Nonhomothetic CES preferences still admit an ideal price index P;;, but it is now governed by
additional economic effects. To derive this price index, consider the intratemporal cost minimization

problem of the household type i
€ % Lo

i SO — (s Cged )T L e

i Lpici ¢z;(01,]fcz,t) el

taking as given a desired level of real consumption c;;. The first-order condition yields

1L 1

. 77c —1 £\ 1c e
0=pjt—¢ e (Qirjci,]t) Cj},yt

or simply

o\ e
=) & e Pt )
Cl]/t lr]CZ,t <17€ _ 1 4)1

Plugging into the definition of DNH we obtain
1 1 e
—Mc c —1c §j
¢; = ;Qi'j(ﬂc _1> P]',t” Ci,]t'

Different line of attack. The first-order condition can be written as

1 pe-1
;7[: -1 €\ e e
i\ i) Ciji = PisCiie
. : .. ) g 1 Ml
Now summing across j, and defining the expenditure share w;;; = (Q; ic/;) " c; ].”[ , we have
ol =
; =

- ij,tcij,t =Eis,
. ‘
i
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noting that by definition Z]- wijr = 1. We will also write P, ;c;+ = E;;. Thus, we have

—Mc —Hc
Pt Pjt 1ete;
ci-,t:Q,c ( = c;, .
] ) Ez,t L] Pzt it

This is the key equation for the intratemporal problem with nonhomothetic CES. Given parameters,
sectoral prices p;, and desired real consumption ¢; s, this equation defines the spending on each

good that minimizes total expenditures while attaining the real consumption level.

Price index. The price level P;; itself changes as real consumption c;; changes due to a switching
effect.

Plugging in for the optimal demand c;;;, we have

Pjt e fetej
Eiy = Piciy = Z Pt P, Cit
t

j

1-7, 11f e+e;
Z{p], P Qe

or simply
1

Py = ( > Qi,jp},f’“cfff(l_'”)> o
which of course also implies 1
Piscip = <ZQ /]p]lt " f]t> W'
Therefore, a household’s consumption bundle price really takes the form
Pip =P ({pjt} cir)-
In particular, once we solve for the consumption policy function ¢;;(a,b,z), the consumption
basket price will take the form P;;(a, b, z). In other words, every single household faces a different
consumption price index!
Expenditure Shares. Furthermore, the expenditure shares can be expressed as

1—7. gj—(1-1c)
Pjt Eit\”
Wiy = Oy ( b t) <PZ> (31)

) wijy = 1. (32)
j
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Elasticity of substitution between goods of different sectors. The nhCES has a constant elastic-

ity of substitution between goods,

a log (Cij,t/cik,t)

—n., VikeN, Viel
alog (pei/pye)

Relative demand for goods of different sectors. The elasticity of the relative demand for two

different goods with respect to aggregate real consumption c;; is constant,

dlog (ciji/ Cikt)
dlogc;,

=& — &, Vj,kEN, Viel.

The Hicksian demand for any pair of expenditure shares w;;; and wj s satisfies

Wi ; QO
log <wii) =(1—17.)log (Zii) + (sj — sk) logc;; +log <Qii>

The first term on the right hand side shows the price effects characterized by a constant elasticity of

substitution 7., and the second term on the right hand side shows the change in relative sectoral
demand as consumers move across indifference curves.

Without loss of generality, we can normalize all the income elasticity and taste parameters such
that those corresponding to a specific base good b equal a given arbitrary value, e.g., &, = (), = 1.

Equation 31 allows us to write the real consumption as

1-7c
Pu,t
Wipt = <P (Ci,t)m
1,t

Therefore .
logciy = (1 —1.)log (pl’t> + log wijp ¢ (33)
bt

Plugging in the Hicksian demand function, we get the moment condition used in GMM

estimation,

log wij = log Qyjr + (1 —11c) log (Z;i) +(1—1) (sj —1)log (Pbi) + ¢jlog wip s (34)

D.2 Estimation

The regression equation 34 can be re-written as

log <Z]'t> = (1 — 175) log <z;’;> + (1 — Uc) (8]' — 1) log <pb2> —+ (8]' — 1) logwib,t + gl’]‘,t + Vij t

in which {;;; = log ();;; denotes the relative taste parameters which is a a linear function of the

household profile vector X;; including age, household size, and education. v;;; is the error term.
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Closely following [Comin 2021] and [Hubmer 2022], we assume that consumers face the same
prices, conditional on time and control variables, as prices are absorbed by a sector-year fixed effect

Cjt- L estimate
Wit X+
In () = G (& — ) In g + 15, X1 4 vije

foralli € S\{b}. The sector-time specific measurement error will be absorbed by ;. To address
measurement error and endogeneity issues, we use after-tax income, income percentile dummy
variables, and education as instruments for total expenditure E; ;. Our estimation results give us
relative income elasticities (¢; - €5). We then recover all ¢; by restricting their expenditure-weighted
average to equal one.

Table 5 reports our estimation results along with other sectoral summaries. .

Table 5. Summary Statistics for 22 Sectors

Capital Labor Intermediates Gov Investment Expenditure  Income
Sector share  share share share share Markups Centrality Freq share elasticity
Agriculture 0.29 0.11 0.60 0.01 0.00 0.14 0.041 3.86 0.001 1.579
Mining 0.39 0.18 0.43 0.03 0.02 0.22 0.048 7.23 0.002 0.959
Utilities 0.38 0.18 0.44 0.02 0.00 0.03 0.040 7.90 0.061 0.599
Construction 0.17 0.34 0.49 0.06 0.38 0.08 0.030 5.93 0.008 1.919
Manufacturing I 0.14 0.29 0.57 0.01 0.00 0.09 0.038 55.29 0.175 0.749
Manufacturing I 0.14 0.27 0.59 0.09 0.39 0.08 0.084 5.47 0.153 1.169
Manufacturing I1I 0.17 0.17 0.65 0.26 0.02 0.12 0.085 13.01 0.120 1.489
Wholesale trade 0.25 0.40 0.35 0.00 0.05 0.03 0.026 7.26 0.002 1.519
Transportation 0.18 0.44 0.38 0.01 0.03 0.10 0.035 5.69 0.021 1.269
Warehousing 0.21 0.42 0.37 0.00 0.00 0.06 0.029 16.87 0.000 2.029
Retail trade 0.17 0.28 0.55 0.02 0.00 0.11 0.023 2.95 0.013 0.619
Information 0.33 0.23 0.43 0.08 0.03 0.23 0.045 14.20 0.059 0.829
Finance and insurance 0.19 0.31 0.50 0.07 0.00 0.19 0.077 13.93 0.073 1.169
Rental and leasing 0.10 0.56 0.34 0.00 0.01 0.19 0.032 61.90 0.005 1.459
Professional and technical 0.16 0.44 0.40 0.11 0.06 0.13 0.105 8.37 0.039 1.459
Administrative and waste 0.13 0.55 0.32 0.09 0.02 0.10 0.059 4.83 0.010 1.259
Education services 0.08 0.49 0.43 0.05 0.00 0.08 0.025 14.91 0.004 2.109
Healthcare and social assistance 0.09 0.52 0.39 0.03 0.00 0.05 0.023 21.81 0.014 1.539
Arts and entertainment 0.18 0.39 0.43 0.00 0.00 0.06 0.029 55.29 0.004 1.589
Accomodation and food services  0.66 0.16 0.18 0.00 0.00 0.20 0.032 10.55 0.060 1.179
Other services 0.30 0.08 0.62 0.00 0.00 0.16 0.031 8.49 0.055 1.269
Housing 0.45 0.22 0.33 0.04 0.00 0.13 0.065 4.83 0.122 0.589
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