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Abstract: I give conditions under which changes in private consumption de-
mand are accommodated in general equilibrium exactly like changes in aggregate
public spending. Under such demand equivalence, researchers can use the time
series response of private consumption to fiscal purchases to recover the “missing
general equilibrium intercept” of shocks to household spending identified in the
cross section. I apply this method to deficit-financed tax rebates, and find (i) a
large direct consumption demand response, and (ii) a fiscal multiplier of one and
so a missing intercept close to zero. My theory and measurement also extend to

shocks to investment demand.
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1 Introduction

A large literature in macroeconomics tries to estimate the aggregate effects of shocks to con-
sumption and investment expenditure.! For most of these demand shifters, the experimental
ideal — exogeneity at the macro level —is not attainable. In response, researchers increasingly
leverage the cross-sectional variation available in micro data. Appealingly, because these es-
timates rely exclusively on cross-sectional information, they do not require macroeconomic
identification restrictions. The well-known shortcoming is that such estimates are not inter-
pretable as macro counterfactuals, simply because any potential general equilibrium effects
— price changes, aggregate employment responses, tax financing, and so on — are differenced
out. Previous work has tried to identify this “missing intercept” through fully specified
structural models, with little systematic guidance on what model to choose, how to estimate
it, and how to communicate uncertainty across the range of plausible models.

I develop an alternative semi-structural method, applicable to a general family of con-
sumption and investment demand shifters. My method relies on an assumption that I refer
to as “demand equivalence,” positing that identical changes in private and public net excess
demand also elicit identical general equilibrium feedback effects. 1 give a set of restrictions
on economic primitives under which this equivalence holds, show that they are satisfied in a
rich family of structural models, and document approximate equivalence in model extensions.
The equivalence result is useful because it justifies a two-step empirical strategy: First, cross-
sectional variation allows researchers to recover a shock’s direct (or “partial equilibrium”)
effect on private spending. Second, the impulse response of private spending to a suitably
chosen change in fiscal expenditure — estimable using time series methods — gives the missing
general equilibrium effects. Summing (i) micro estimates and (ii) public expenditure impulse
responses, researchers can recover the full effect of the demand shifter on private spending.

I illustrate my method with an application to income tax rebates. Micro data suggest
a large but short-lived response of consumption, while time series evidence for a similarly
short-lived, deficit-financed increase in public spending shows limited consumption crowding-
out. Thus, under demand equivalence, the macro consumption counterfactual for a deficit-
financed rebate is close to the micro estimate. For a structural model to be inconsistent with
this near-zero intercept, it must either break equivalence or feature fiscal multipliers far from

one. I find a similarly small intercept in a second application to investment tax cuts.

!Examples include tax rebates (Parker et al., 2013), redistribution (Jappelli & Pistaferri, 2014), credit
tightening (Mian et al., 2013; Guerrieri & Lorenzoni, 2017), and bonus depreciation (Zwick & Mahon, 2017).



In the first part of the paper I give sufficient conditions for the equivalence of shocks to
public spending and to private consumption. For a general class of business-cycle models,
linearized impulse responses to macro shocks can be characterized implicitly as solutions
to a linear infinite-horizon system of market-clearing conditions. The exclusion restriction
required for shock equivalence is simply that two shocks perturb the same market-clearing
conditions by the same amount; then, by the chain rule, the general equilibrium adjustment
to these common perturbations must also be the same. I illustrate this abstract exclusion
restriction through the lens of a rich heterogeneous-agent business-cycle model. Here, the
equivalence of shocks to private consumption and to public spending maps into three main
assumptions. First, households and government need to consume the same final good. If
so, identical changes in private or public spending lead to identical excess demand for that
common good. Second, households and government must borrow and lend at the same
interest rate. The identical expansions in private and public demand can then be discounted
at that common rate, and so can be financed using identical paths of taxes and transfers.
Third, household labor supply must not respond differentially to the two shocks; sufficient
conditions are either the absence of wealth effects in labor supply or fully demand-determined
employment. Conditional on these restrictions, all other details of the model — preferences,
technology, expectation formation, and so on — are irrelevant: shocks to consumption demand
are invariably accommodated in general equilibrium exactly like changes in public spending.

I leverage the demand equivalence result to justify my two-step procedure. First, a re-
searcher runs cross-sectional regressions of household consumption on a shifter of consump-
tion demand (e.g., income tax rebate). If cross-sectional heterogeneity in shock exposure is
independent of household characteristics, then the econometric estimand of these regressions
is interpretable as the direct (or partial equilibrium) response path of consumption to the
shifter. Second, invoking demand equivalence, we know that a suitably chosen public spend-
ing shock will induce the same general equilibrium effects. If such a shock can be identified
using the macroeconometric toolkit for fiscal spending (e.g. Ramey, 2018), researchers can
use the estimated time series response of private consumption to recover the path of missing
intercepts for the cross-sectional regressions. The pointwise sum of cross-sectional and time
series estimates is then interpretable as a valid semi-structural consumption counterfactual
for the private demand shifter. Equivalently, the researcher could have written down any
particular parametric model in the equivalence class, parameterized the model to be consis-
tent with the estimated micro and macro moments, and solved it — the equivalence result

guarantees that she would have recovered the same counterfactual as my simple sum.



I demonstrate the feasibility of the method through the study of a popular consumption
stimulus policy: an income tax rebate. I first review previous empirical work (Parker et al.,
2013; Jappelli & Pistaferri, 2014) and show that the direct consumption demand response
to the stimulus is indeed either equal or at least tightly linked to the econometric estimands
of those studies. Their different experiments consistently paint the picture of a large but
short-lived expansion in spending. Next, by demand equivalence, I can recover the missing
general equilibrium effects as the response of consumption to a similarly short-lived expansion
in government spending. Thus, for the second step, I trace out the dynamic effects of a
particular, highly transitory innovation to government spending: professional forecast errors.
Following Plaghorg-Mgller & Wolf (2019), I project on these forecast errors using a recursive
Vector Autoregression (VAR). I find that the short-lived spending expansion is persistently
deficit-financed, so the results of my procedure are interpretable as pertaining to a similarly
deficit-financed rebate. In response to the expansion, output rises one-to-one with spending,
and consumption is largely flat. Summing the micro and macro estimates, I conclude that a
one-off, deficit-financed transfer briefly but significantly stimulates aggregate consumption,
with the overall response close to the direct effect estimated using micro data.

While the output of the two-step procedure is only exactly interpretable as a valid coun-
terfactual if the underlying data-generating process satisfies my exclusion restrictions, I show
that the method continues to perform well on artificial data generated from a variety of
richer business-cycle models. My main laboratory is a heterogeneous-agent New Keynesian
(“HANK”) model, estimated to be consistent with salient features of cross-sectional earnings
risk, the aggregate wealth distribution, and the time series distribution of macro aggregates.
In this model, demand equivalence fails only because of short-term wealth effects in labor
supply, resulting in the output of my two-step procedure to be biased upward. However,
consistent with both micro evidence (Cesarini et al., 2017) and the results of much previous
structural modeling (e.g. Christiano, 2011a), the inaccuracy resulting from this labor supply
channel is quantitatively negligible, at least for transitory shocks. I also sign the bias and
discuss the inaccuracy induced by several further model extensions. These include: a multi-
asset structure, productive benefits and consumption complementarities for public spending,
and imperfect factor mobility across sectors with heterogeneous production functions.

My methodology extends with little change to shifters of investment demand. In response
to the shock, investment increases today (excess demand) while capital and so production
build up gradually (excess supply). I give sufficient conditions under which the investment

demand shifter is accommodated in general equilibrium exactly like an expansion in govern-



ment expenditure today (excess demand), financed by a contraction in the future (excess
supply). Importantly, these conditions impose no material restrictions on the production
block of the economy; in particular, investment demand equivalence holds in most recent
quantitative studies of the aggregate effects of firm-level investment frictions, including mod-
els with very rich firm heterogeneity.? Finally, I apply my results to study the aggregate
effects of bonus depreciation stimulus: I find that the policy induces a large increase in in-
vestment demand (Zwick & Mahon, 2017; Koby & Wolf, 2020), accommodated in general
equilibrium through a sharp rise in output, with little investment crowding-out.

Before proceeding further, I briefly comment on the scope and limitations of my analy-
sis. First, my methodology requires first-stage micro regressions whose estimands are inter-
pretable as free of any general equilibrium interactions. This is arguably the case for across-
household or across-firm regressions, but not for cross-regional regressions (Mian et al., 2013;
Mian & Sufi, 2014).% Second, I have demonstrated that my approach is feasible in practice for
some much-studied shocks to consumption and investment demand. The general principle
— to leverage macro evidence on the general equilibrium propagation of plausibly equivalent
shocks — may allow researchers to construct counterfactuals for other shocks and policies, but
those are beyond the scope of this paper. Third, while my equivalence results are only valid
to first order, I impose no restriction on where the underlying Taylor series approximation is
taken. Evidence on state dependence in the transmission of fiscal shocks thus applies without
change to generic consumption and investment demand shifters. Finally, my two-step pro-
cedure relies sensitively on the assumption that all agents only interact through (a small set
of) aggregate prices and quantities. Appealingly, I take little stand on the precise nature of
that interaction, so my theory covers both conventional neoclassical as well as quite different
Keynesian adjustment mechanisms. Less appealingly, strategic interaction between agents
invariably breaks the neat separation into direct spending responses and general equilibrium

accommodation that lies at the heart of my approach.

LITERATURE. This paper relates and contributes to several strands of literature.

First, my methodology connects two empirical literatures. A fast-growing line of work
uses variation at the individual or regional level to estimate spending responses to policy
changes and other macro shocks (e.g. Mian & Sufi, 2009; Parker et al., 2013; Jappelli &
Pistaferri, 2014; Zwick & Mahon, 2017). As all of these studies control for macro fluctuations

2For example, exact equivalence applies in the models of Khan & Thomas (2013) and Winberry (2018).

31 generalize my results to such cross-regional regressions in a companion note (Wolf, 2019).



through time fixed effects, they are silent on any possible general equilibrium feedback. I
argue that a second literature — that on the aggregate effects of changes in government
spending — can be informative about this “missing intercept.” Comprehensive literature
summaries are Hall (2009) and Ramey (2018); overall, earlier empirical work largely estimates
output multipliers around 1, and zero (or slightly negative) responses of private spending.
Second, the demand equivalence result builds on the simple Keynesian cross intuition of
a common “demand multiplier,” prevalent in government policy evaluation and professional
forecasting (e.g. Reichling & Whalen, 2012). Auclert et al. (2018) formalize this intuition to
show that, in models with demand-determined labor, passive monetary policy, and without
investment, consumption demand and government spending shocks have identical effects on
aggregate output. I extend the equivalence result to a larger family of models (and to invest-
ment ), find support for approximate equivalence in micro and macro data, and measure the
common general equilibrium effects through macro quasi-experiments. In contemporaneous
work, Guren et al. (2020) and Chodorow-Reich et al. (2019) use the reverse logic to strip
out the local general equilibrium effects present in cross-regional regression estimates.
Third, my method naturally complements existing approaches to the estimation of coun-
terfactuals in macroeconomics. In its reliance on general exclusion restrictions rather than
parametric structural models, it is semi-structural in exactly the same way as conventional
Structural Vector Autoregressive (SVAR) analysis (Sims, 1980). However, the equivalence re-
sult also provides a novel justification for impulse response matching as a limited-information
approach to the estimation of fully structural models: By commonality of general equilibrium
effects, impulse responses to particular aggregate structural shocks are robustly informative
for many different counterfactuals. In my applications, the targeted moments are in fact
fully informative, obviating the need for model solution (Andrews et al., 2018). This “suffi-
cient statistics” approach is common in public finance (Chetty, 2009), and also increasingly

widespread in macroeconomics (Nakamura & Steinsson, 2018).

OUTLINE. Section 2 establishes the consumption demand equivalence result. In Section 3,
I leverage commonality in general equilibrium propagation to propose a two-step procedure
for estimation of consumption demand counterfactuals, with an application to income tax
rebates. Section 4 then shows that the proposed approximation remains accurate in more
general environments. The generalization to investment demand, including an application to
investment tax stimulus, is discussed in Section 5. Section 6 concludes, and supplementary

details, proofs and a third application are all relegated to several appendices.



2 Consumption demand equivalence

This section develops an exact equivalence result for the general equilibrium propagation
of shocks to private consumption demand and to public spending. In Sections 2.1 to 2.4, I
discuss the restrictions on economic primitives needed for demand equivalence in a general
quantitative business-cycle model. Section 2.5 complements this model-based analysis with
an abstract formulation of shock equivalence as a set of exclusion restrictions on (linearized)

aggregate equilibrium conditions.

2.1 The benchmark model

Time is discrete and runs forever, t = 0,1,.... The model economy is populated by house-
holds, firms, and a government. There is no aggregate uncertainty, but households and
firms are allowed to face idiosyncratic risk. I study perfect foresight transition paths back
to steady state after one-time unexpected aggregate innovations at time 0; for vanishingly
small innovations, these transition paths are mathematically equivalent to standard impulse
response functions computed from the first-order perturbation solution to an otherwise iden-
tical model with aggregate risk.? Anticipating my main empirical application, I will focus on
two such innovations: first, a one-off transfer to households, and second, a transitory expan-
sion in government spending. Section 2.5 shows how the equivalence result extends to generic

shifters of consumption demand (e.g., changes in borrowing constraints, redistribution, ... ).

NOTATION. The realization of a variable = at time ¢ along the equilibrium perfect foresight
transition path will be denoted z;, while the entire time path will be denoted x = {x;}2,.
Hats denote deviations from the deterministic steady state, bars denote steady-state values,
and tildes denote logs. I study two structural shocks indexed by s € {7, g} — tax rebates
and government spending. I write individual shock paths as €, and use subscripts € for
transitions after a generic path € = (g/,¢€)". I reserve the simpler s subscripts for one-time
single shocks — that is, shock paths with €59 = 1 and ¢, , = 0 for (u,7) # (s,0).

HOUSEHOLDS. A unit continuum of households ¢ € [0, 1] has preferences over consumption

¢;r and labor ¢;;. They are subject to idiosyncratic productivity risk e;; and potentially differ

4This result is an implication of certainty equivalence coupled with Taylor’s theorem (Boppart et al., 2018).
For ordinary business-cycle fluctuations, such first-order perturbations offer an accurate characterization of
the model’s global dynamics (e.g. Fernandez-Villaverde et al., 2016; Ahn et al., 2017; Auclert et al., 2019).



in their baseline discount factor 8;. Households can self-insure by investing in liquid nominal
bonds bf, with nominal returns i and subject to a borrowing constraint b. Income consists
of labor earnings as well as (potentially type-specific) lump-sum rebates 7;; and dividend
income d;;. Total hours worked ¢;; are determined by demands of a unit continuum k € [0, 1]
of price-setting labor unions, as in Erceg et al. (2000); the problem of labor unions will be
considered later. Given a path of prices, rebates, dividends, hours worked and inflation (),

the consumption-savings problem of household i is thus

max [ Zﬁfu(cit,&t) (1)
{ein iy} t=0
such that ‘
c-+bh:(1_7)we.g.+1+—zg_1bh + 71, +d
it it L) WitCitlit 1 + it—1 it it
and

bl > b

Labor productivity e; follows a (stochastic) law of motion with fz exdi = 1 at all times.
Labor unions behave as in conventional New Keynesian models (Erceg et al., 2000; Auclert
et al., 2018). Worker i provides /;;; units of labor to union k, giving total hours worked for
household i of ¢; = fk Cidk. The total effective amount of labor intermediated by union &
is by, = fz eiliedi; each union then sells its labor services to a competitive labor packer at

price wy;. The labor packer aggregates union-specific labor to aggregate labor services,

ew—1 85]71071
"= (/ka“’ dk:>
k

sold at the aggregate wage index w,;, and where ¢, denotes the elasticity of substitution

between different types of labor. Union k chooses its wage rate wy; subject to wage-setting
adjustment costs, and satisfies the corresponding demand for its labor services. I assume
that it does so by demanding a common amount of hours worked from its members.® Since
the wage-setting problem is standard, I relegate details to Appendix B.1. For the purposes
of the analysis here, it suffices to note that union behavior can be summarized through a

simple wage New Keynesian Phillips curve — effectively, an aggregate labor supply relation.

5A uniform hiring rule is the natural assumption in sticky-wage heterogeneous-household models, but is
of course awkward in the flexible-wage limit, as it then does not nest the alternative natural case of flexible
labor supply for each individual household. I consider a model without unions in Appendix E.3.



FiscaL poricy. The fiscal authority consumes the same final good as households. Fiscal
consumption g; and total lump-sum transfers 7, = fol T;rdi are financed through debt issuance

and taxes on labor income. The government budget flow constraint is

1442
—tlbtfl +g+ 7= Tgwtgt + bt
1 -+ 7y
I assume that total government spending g = g(e,) follows some exogenous process, and
that the government freely sets a discretionary part of tax rebates 7, = 7,(g,). Given paths
for spending targets (€,,€,), initial nominal debt b_; and a path of prices and quantities

(w,€,i® ), a government debt financing rule is a path 7. such that 7 = 7, + 7, the flow

government budget constraint holds at all periods ¢, and lim;_, (Hts:o 1::?;) by = 0.
REST OF THE ECONOMY. Since my focus is on the equivalence of private and public ex-
pansions in demand, I only sketch the rest of the model, with a detailed outline provided in
Appendix B.1. The corporate sector is populated by three sets of firms: a unit continuum
of heterogeneous, perfectly competitive intermediate goods producers j, a unit continuum of
monopolistically competitive retailers with nominal price rigidities, and a final goods aggre-
gator. Intermediate goods producers accumulate capital, hire labor, issue risk-free debt, and
sell their composite intermediate good, possibly subject to (both convex and non-convex)
capital adjustment costs as well as generic constraints on equity and debt issuance. Retailers
purchase the intermediate good, costlessly differentiate, monopolistically set prices, and sell
their differentiated good on to the competitive aggregator.

The last remaining entity in the model is the monetary authority. This monetary au-

thority sets nominal rates on liquid bonds i’ in accordance with a conventional Taylor rule.

EQUILIBRIUM. [ assume that there exists a unique deterministic steady state.® To allow
interpretation of perfect foresight transition paths as conventional first-order perturbation
solutions, I impose that the economy is indeed initially in steady state, and then study perfect
foresight transition equilibria back to the initial deterministic steady state. The definition of
equilibrium perfect foresight transition paths is then standard (see Appendix B.1); I discuss

an extension to transition paths with other starting points in Appendix C.1.

6More precisely, I make implicit assumptions on functional forms and parameter values that guarantee
that there is a unique deterministic steady state. In all numerical exercises, I have verified the uniqueness
of the steady state and the (local) existence and uniqueness of transition paths.



NESTED MODELS. My benchmark model is designed to nest several important earlier con-
tributions to quantitative business-cycle analysis. In the absence of uninsurable household
earnings risk and household borrowing limits, and without firm-level productivity differences
and financial frictions, it becomes a standard New Keynesian model (e.g. Smets & Wouters,
2007). However, the environment is also rich enough to allow for non-trivial micro hetero-
geneity at the household and firm level. On the household side, income risk and limited
self-insurance can endogenously generate hand-to-mouth behavior. With flexible prices, the
model is identical to Aiyagari (1994) or Krusell & Smith (1998); with nominal rigidities, it
is a HANK model in the mold of McKay et al. (2016) and Guerrieri & Lorenzoni (2017). On
the firm side, I allow for a rich set of real and financial frictions to the capital accumulation
process, as for example in Khan & Thomas (2008), Khan & Thomas (2013) and Winberry
(2018). In other words, the benchmark model is as rich as most models that — in the absence
of the identification results developed here — would be used to structurally pin down the

missing general equilibrium intercept of, say, income tax rebate shocks.

2.2 Direct responses and general equilibrium feedback

The demand equivalence result will assert a commonality in the general equilibrium propaga-
tion of different shocks. A precise statement of such equivalence requires a formal definition
of direct (or partial equilibrium) responses and indirect (or general equilibrium) effects.

I assume that the consumption-savings problem (1) has a unique solution for any path
of prices, quantities and shocks faced by households. Aggregating the solutions across house-
holds, we obtain an aggregate consumption function ¢ = c(s”;¢), where s" = (i*, 7, w, €, 7., d)
collects household income and saving returns — objects that adjust in general equilibrium.
The total impulse response of consumption to the shock path € is simply

¢e. = c(she) — c(50)
I decompose this aggregate impulse response into two parts: a direct “partial equilibrium”

impulse and an indirect “general equilibrium” feedback part.”

"My definition of the partial equilibrium consumption response abstracts from endogenous adjustments
in earnings. I do so for three reasons. First, many empirical estimates of household spending responses
to sudden income changes are actually interpretable as such netted spending elasticities (e.g. see Auclert,
2019, footnote 34). Second, in models with union-intermediated labor supply — like the one considered here
—, replicating cross-sectional micro regressions invariably differences out labor responses (see Proposition 3).
Third, microeconomic evidence suggests that short-run wealth effects are very weak anyway (Cesarini et al.,

10



Definition 1. Let the direct (partial equilibrium) response of consumption to a shock path €
be defined as

P = c(3"e) — c(s™0) (2)

Similarly, let the indirect (general equilibrium) feedback be

ef? = c(sl0) — c(s"0) (3)

It is immediate that, to first order, the aggregate impulse response admits a simple

additive decomposition into partial equilibrium response and general equilibrium feedback:
PE 4 éGE ( 4)

The decomposition (4) is only interesting to the extent that its components can be tied to
empirically measurable objects. The remainder of this section establishes conditions under
which the consumption response to particular government spending shocks ¢, is informa-
tive about the general equilibrium feedback term ¢%% of lump-sum transfers — the demand
equivalence result. In Section 3 I then argue that (i) cross-sectional regressions estimate the
direct spending response ¢¥ and (ii) it is in practice often possible to recover the aggregate

effects of the particular public spending shocks that can proxy for ¢¢F.

2.3 A simple example of demand equivalence

I first illustrate the intuition for the demand equivalence result using a very simple special
case of my benchmark model — a spender-saver real business-cycle (RBC) model. A mass A
of households are spenders (so §; = 0), while the remaining households are savers (5; > 0).
Both types have log consumption utility and inelastically supply their labor endowment,
and savers hold all risk-free real bonds and receive firm dividends. The firm sector admits
aggregation to a representative firm which hires labor and accumulates capital; for simplicity
I assume that capital depreciates fully within the period and that the production function
is Cobb-Douglas, y = k®¢'~. The fiscal authority issues risk-free bonds, consumes the final
good, and imposes (different) lump-sum taxes on savers and spenders. There are no nominal

rigidities, so central bank behavior is irrelevant for all real quantities.

2017; Fagereng et al., 2018). Nevertheless, in Appendix E.3, I repeat all of my analysis in an alternative
model without unions, but with a non-standard preference parameterization allowing for (data-consistent)
weak short-run wealth effects (Jaimovich & Rebelo, 2009; Gali et al., 2012).

11



In this environment I compare the transmission of two structural shocks: (i) a one-off
income tax rebate .4 (to spenders) and (ii) a one-period expansion in aggregate government
spending €4, both worth one per cent of total steady-state consumption. I assume that the
tax increases (transfer cuts) 7. used to finance the two policies exclusively fall on savers. All

model equations are stated in Appendix B.2.

DEMAND EQUIVALENCE. [ begin with a concrete numerical example. I set the saver dis-
count factor to f = 0.99, the capital share to a = 1/3, and assume that a mass A = 0.3 of
households is hand-to-mouth. Figure 1 shows consumption impulse responses for one-period

tax rebate and government spending shocks.

DEMAND EQUIVALENCE, SPENDER-SAVER RBC MODEL

Transfer Gov’t Spending
1 10
05+ 05
g
S
g 0 0
— I I e e
: —_ ——=
S - -
7/
051 05+
Total Effect
=== Direct Response
=== GE Feedback
1 -1 ‘ ‘

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Horizon Horizon
Figure 1: Consumption impulse response decompositions after equally large, one-off tax rebate

and government spending shocks in the simple spender-saver RBC model. The direct response and
the indirect general equilibrium feedback are computed following Definition 1.

The left panel shows the consumption response to the one-off transfer. In line with Defini-
tion 1, this aggregate impulse response is decomposed into direct partial equilibrium (green)
and indirect general equilibrium (orange) responses. By assumption, spenders consume all of
the rebate today. The grey line then shows that, after general equilibrium price adjustments,
aggregate consumption only moderately rises on impact, then falls, and gradually returns to
steady state. General equilibrium adjustment thus substantially crowds-out consumption.
Intuitively, this is so because a rise in interest rates leads savers to postpone consumption;

at the same time, investment is crowded out, so future output drops and income declines.

12



The right panel shows the consumption response to an increase in government spending.
By definition, consumption does not respond directly to this second shock (green line). In
general equilibrium, however, it drops substantially; exactly as for the tax rebate, this is
largely due to higher rates crowding out both saver consumption and aggregate investment,
and thus further pushing down future income. Crucially, the response of aggregate consump-
tion to the public spending shock is identical to the general feedback associated with the tax
rebate shock — a property of the model that I will refer to as “demand equivalence.” As it
turns out, demand equivalence is not an artifact of the particular parameterization chosen

for Figure 1, but a general feature of the simple spender-saver model.

Proposition 1. Suppose that ¢C¥ = g,. Then

~GE _ ~GE
CT - Cg (5)
and so
- ~PE ~
Cr = C, + cg (6)
~~ ~~
PE response = GE feedback

Irrespective of the parameterization, the total response of consumption to a fiscal shock

can proxy for the general equilibrium effects induced by the private spending change.

INTUITION & PROOF SKETCH. The intuition for demand equivalence in the simple spender-
saver model is entirely straightforward — it does not matter whether more final output is
demanded for consumption by the government or by hand-to-mouth households. Either
way, consumption of savers has to adjust to ensure market-clearing.

Proposition 1 follows immediately from inspection of the model’s closed-form solution.
To set the stage for the general equivalence results in Section 2.4 and Section 2.5, however, it
will prove more instructive to follow an alternative, more readily generalizable proof strategy:
writing the equilibrium as a system of market-clearing conditions and prices adjusting to clear
those markets. For the spender-saver model, it is straightforward to show (see Lemma G.1)
that a path of real interest rates r and lump-sum taxes on savers —7°¢ is part of a perfect

foresight equilibrium if and only if

c(r,w(r),d(r),7c;e) + gle) = y(r)—i(r) (7)
Te = 7-6(5) (8)

where y(e) and i(e) are firm policy functions, optimal firm behavior implicitly pins down

13



wages w(e) and dividends d(e) as functions of r, and c(e) aggregates the consumption policy
functions of spenders and savers. Heuristically, we can totally differentiate both sides of (7) -

(8) to find that, to first order, the equilibrium paths of interest rates and taxes must satisfy®

de | Oz gy o dc e i
Oe Oe X € — or or or OTe X (9)
ore 0 I 7
Oe . R €
excess demand GE adjustment

The initial disturbance € leads to some time path of initial excess demand or supply, and
some shortfall in the intertemporal government budget. Now suppose that a path r and 7.
solves (9) for a tax rebate shock ;. Then it is immediate that the same path (f,7.) also
solves (9) for a fiscal spending shock with the same intertemporal demand profile — that is,
if ¢P¥ = g,. Intuitively, it does not matter why there is excess demand for the final good or
why is there a shortfall in the government budget constraint, it only matters how much.’

I will show next that the exact same proof strategy — exclusion restrictions on where
different shocks can and cannot enter in a linearized representation of the equilibrium —

continues to work in the much richer structural model of Section 2.1.

2.4 A general equivalence result

This section discusses the restrictions on the model of Section 2.1 necessary for exact demand
equivalence. I discuss three assumptions: the first two are already embedded in the model set-
up but explicitly re-stated here for emphasis, while the third one is a meaningful additional
restriction. I will discuss the sensitivity of demand equivalence with respect to violations of
each restriction in Section 4 and Appendix E of the Online Appendix.

The first assumption restricts goods bundles in the economy.

Assumption 1. Households and government consume a single, homogeneous final good.

8The functions in (7) - (8) map infinite-dimensional paths of inputs (e.g., r) into infinite-dimensional
paths of outputs (e.g., ¥); as such, the derivatives in (9) should be understood as derivatives in infinite-
dimensional vector spaces. For the spender-saver model existence of these derivatives is immediate from
the characterization of the model solution in Appendix B.2; for the more general model, I simply assume
differentiability (see Appendix B.1).

9This heuristic argument ensures only that a solution for the rebate policy is also a solution for a particular
public spending shock; it is, however, silent on the existence and uniqueness of such paths. For the spender-
saver application, existence and uniqueness are verified in the usual way for the recursive representation of
the analogous linearized stochastic difference equation (Blanchard & Kahn, 1980), which implies that the
infinite-dimensional general equilibrium feedback map in (9) has a unique left-inverse (see Appendix B.2).
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The second assumption relates to the interest rates faced by households and government.
In my model, all agents borrow and lend at a common interest rate; Assumption 2 first re-
states this model property, and then provides an additional restriction on the actual financing

of government expenditure shocks.

Assumption 2. Households and government borrow and lend at the same interest rate. The
path of taxes and transfers used to finance a given public expenditure shock €. or €, depends

only on the present value of the expenditure, not its time path.

The third assumption restricts the economy’s labor market. In response to the partial
equilibrium increase in consumption demand ¢Z¥| the average marginal utility of consump-
tion declines, and so sticky-wage unions may try to bargain for higher wages. I denote
the desired adjustment in aggregate hours worked at unchanged wages by EfE, defined for-
mally in Appendix B.1. My third assumption provides two possible sufficient conditions to

~PE
guarantee that £, = 0.

Assumption 3. There are either no wealth effects in labor supply, or wages are perfectly

sticky (i.e., wage adjustment costs are infinitely large).
These assumptions are sufficient for the following generalized equivalence result.

Proposition 2. Consider the structural model of Section 2.1. Suppose that, for each one-
time shock {1, g}, the equilibrium transition path exists and is unique. Under Assumptions 1
to 3, the responses of consumption to a tax rebate shock T and to a government spending

shock g with g, = ¢CF satisfy, to first order,

N ~PE N
~~ S~~~
PE response = GE feedback

The proof strategy for Proposition 2 is almost identical to that of the spender-saver RBC
model. Equilibria in the richer model can generally not be characterized as solutions to a sin-
gle market-clearing condition in a single price; instead, as I show formally in Appendix A.1,
they are solutions to a rich set of market-clearing conditions and other restrictions. Assump-
tions 1 to 3 are simply sufficient to ensure that private and public spending shocks perturb
the same market-clearing conditions by the same amount, and thus elicit the same general

equilibrium adjustment, exactly as in the proof of Proposition 1.
PE

T

Assumption 1 — in conjunction with the requirement that g, = ¢;* — ensures that the

private and public demand shocks lead to the same excess demand pressure for the common
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final good. Since households and governments borrow and lend at identical rates, these
identical net excess demand paths can in principle be financed using identical paths of taxes
and transfers. Without Ricardian equivalence, however, the precise timing of the financing
matters. Assumption 2 then simply ensures that, indeed, the two shocks are financed in
exactly the same way. Under these restrictions alone, the general equilibrium propagation of
private and public spending shocks may still differ; as households may also decide to directly
adjust their desired labor supply following the shock €,. Assumption 3 — a restriction on
household behavior — is enough to rule this out: Following the shock e,, households either
do not wish to or are not able to directly adjust their hours worked, i.e. éfE = 0. Together,

Assumptions 1 to 3 ensure exact demand equivalence.

RELATION TO PREVIOUS WORK. In the proof of Proposition 2, I establish the existence of
a “demand multiplier” D — a map transforming net excess demand paths (such as ¢ or g,)
into general equilibrium impulse responses. As such, it builds on results in Auclert & Rognlie
(2018) and Auclert et al. (2018). In particular, in Auclert et al. (2018), the intertemporal
Keynesian cross matrix M — a special case of the multiplier D — governs the transmission of
private and public demand shocks, establishing demand equivalence. Their result applies in
a model with passive monetary policy, demand-determined labor, and without investment;
Proposition 2 provides the generalization to the model of Section 2.1.!1° The intuition for
such a common “demand multiplier” is particularly transparent in the static Keynesian cross,

and was for example previously discussed in Hall (2009) and Reichling & Whalen (2012).

ILLUSTRATION. Figure 2 illustrates exact demand equivalence in a rich heterogeneous-agent
New Keynesian (HANK) model. The parameterization of the model is identical to that of
Section 4.1, with the sole difference that wages are fully — rather than just partially — sticky.

Together, Figures 1 and 2 reveal that demand equivalence is a general semi-structural
feature of models. In the RBC model, excess demand is moderated through higher real
interest rates, leading to significant general equilibrium crowding-out. In the HANK model,
consumption is instead crowded in: interest rates increase relatively little, while the transi-
tory increase in labor income pulls up household spending even further. Crucially, the nature

of general equilibrium adjustment is in both cases invariant to the origin of the shock.

10 Auclert & Rognlie (2018) is, to the best of my knowledge, the first paper to discuss general equilibrium
multipliers for perfect foresight transition paths. In particular, they prove that different kinds of consumption
demand shocks are propagated identically in general equilibrium; Proposition 2 shows under what conditions
those same multipliers also apply to public demand shocks — that is, demand equivalence.
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Figure 2: Consumption impulse response decompositions after tax rebate and government spend-
ing shocks in the estimated HANK model of Section 4.1, but with fully rigid wages. The direct
response and the indirect general equilibrium feedback are computed following Definition 1.

2.5 Extension to general exclusion restrictions

In the analysis so far I have used a particular shifter of consumer spending — lump-sum
transfers — and a particular structural model — the general framework of Section 2.1 — to
present demand equivalence as a set of restrictions on economic primitives. Proposition 2
covers a meaningful (and easily interpretable) space of models, but many of the restrictions
implicit in this framework are in fact unnecessary. To make this point, this section comple-
ments the previous discussion with an abstract statement of shock equivalence in terms of
exclusion restrictions in a linearized equilibrium representation. Throughout, I continue to
use the same notational conventions as in my baseline structural model.

A general statement of consumption demand equivalence requires only two ingredients:
an aggregate consumption function ¢ = c(s”;&,4) and a (differentiable) system of equations
characterizing equilibrium aggregates H(x;€q4,€,) = 0, where €4 and €, are generic shocks
to private and public spending, respectively, and the inputs to household consumption s”
are determined as part of the set of aggregates x. Demand equivalence is then simply a set
of exclusion restriction on derivatives of the equilibrium mapping #(e): As long as

OH OH

— X € = — X € 11
Oeq I Oe, g (11)
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it follows immediately that, to first order,

~ ~PE ~
Cq = Cy + Cg (12>
~—~
PE response = GE feedback

(11) is a general exclusion restriction on the equilibrium system: both shocks must enter all
equilibrium equations symmetrically. The proof sketch for the simple equivalence result in
Section 2.3 illustrates this requirement transparently; similarly, the proof of Proposition 2
works because, under my imposed restrictions, the equilibrium of the general model can also
be cast in a form consistent with (11)."" In Appendices C.2 and C.3 I give examples of other
shocks and models that can be written in this general form. First, I extend the baseline model
to allow for time preference shocks as a generic consumption shifter. Equivalence obtains
under the same restrictions as those discussed here. Second, I consider several interesting
structural models beyond the familiar New Keynesian business-cycle tradition — including
for example models with non-rational expectation formation of firms and households —, and

show that they still all fit into the general semi-structure of (11).

INTERPRETATION & OUTLOOK. The results in this section assert that, for a quite general
family of structural models, the general equilibrium effects of private and public spend-
ing shocks are invariably tied together. This equivalence, however, says nothing about the
strength of those common general equilibrium effects: in the simple spender-saver model of
Section 2.3, partial equilibrium spending responses are largely crowded-out; in my HANK ex-
ample, feedback effects are relatively weak; and in Appendix C.4, I show two further extreme
examples, one with full crowding-out, the other with very strong amplification. Ultimately,
the strength of general equilibrium effects — and so the size of the missing intercept — is an

empirical question. The next section presents my empirical strategy.

3 Estimating consumption demand counterfactuals

This section develops a two-step methodology to estimate semi-structural macro counterfac-
tuals for generic consumption demand shifters. I describe the general approach in Section 3.1,

and then in Section 3.2 apply it to study the effects of income tax rebates.

1 Casting my results as exclusion restrictions on structural equilibrium representations suggests a con-
nection to the identification of systems of simultaneous equations. This connection is explored further and
formalized in Guren et al. (2020, Section 4).
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3.1 The two-step methodology

Consider a researcher interested in the response of aggregate consumption to a generic “con-
sumption demand” shifter — a shock that directly affects (incentives for) household spending.
Examples of such shifters are plentiful in recent work; among the most notable are income
tax rebate stimulus (Parker et al., 2013), household deleveraging due to tightened borrowing
conditions (Mian et al., 2013; Berger et al., 2017), changes in household bankruptcy exemp-
tions (Auclert et al., 2019) and redistribution across households through taxation (Jappelli
& Pistaferri, 2014). As is well-known, estimation of the aggregate effects of such shocks is
severely complicated by their likely endogeneity to wider macroeconomic conditions.

In response to these challenges, most recent work has tried to estimate shock propagation
using household-level data, exploiting plausibly exogenous heterogeneity in shock exposure.
In the remainder of this section I use the example of income tax rebate stimulus in the model
of Section 2.1 to argue that: (i) the econometric estimands of such cross-sectional regressions
are interpretable as direct (partial equilibrium) shock responses (here ¢£F), and (ii) we can
use existing estimates of the aggregate effects of changes in government spending to proxy
for their missing general equilibrium intercept (here ¢%F). By the discussion in Section 2.5,

my results extend without change to generic consumption demand shifters 4.

DATA-GENERATING PROCESS. [ make two minor changes to the structural model of Sec-
tion 2.1. The two changes ensure that the cross-sectional and time series regression estimands
required for my two-step methodology are actually well-defined.

First, I now consider the linear vector moving-average representation induced by the
first-order perturbation solution of the model, assuming that the shocks ey, s € {7, g} are
mutually i.i.d. and N(0,1). I use s subscripts to indicate impulse response functions to such
one-time shocks; by certainty equivalence, these responses are to first order identical to the
transition paths for one-off shocks studied in Section 2, justifying the re-use of notation.
Such aggregate risk allows me to evaluate time-series regressions (i.e., VARs) run on model-
generated data. Second, I assume that the rebate shock faced by household i satisfies ,;; =
&rit X €74, where €44 18 1.1.d. across households and time (and uncorrelated with any household
characteristics), with E(&) = 1 and Var(&,) > 0.'2 Given this heterogeneity in shock

exposure, I can study regressions run on the cross section of households.

12Tn the proof of Proposition 3 I show that, under my assumptions on the exposure term &4, all aggregates
are — to first order — unaffected by this cross-sectional heterogeneity in shock exposure.

19



MICRO REGRESSIONS. A typical regression exploiting microeconomic heterogeneity in house-

hold exposure to the transfer shock ¢,; takes the form
Citan = O + O + Brn X €rit + Uy, h=0,1,2... (13)

where a; and §, are individual and time fixed effects.'?
It is straightforward to show that, under my assumptions, regressions such as (13) esti-
mate average household-level causal effects that are interpretable as direct partial equilibrium

shock responses, consistent with Definition 1.

Proposition 3. Suppose an econometrician observes a panel of household consumption {c;; }
and measures of shock exposure {e,;} generated from the linear vector moving average rep-

resentation of the structural model of Section 2.1. Then the ordinary least-squares estimand

of B+ = (Bro, Br1,--.) satisfies

L Oc;
;= “di o= elf 14
IB 0 6570 ( )

In words, regressions such as (13) do not estimate the true macro counterfactual ¢,, but
instead give a household-level average treatment effect that is interpretable as a direct (or
partial equilibrium) response, ¢I’¥ — precisely the object defined in my decomposition in
Definition 1. Obtaining such estimates from a sequence of cross-sectional micro regressions

like (13) is the first step of my methodology.

GENERAL EQUILIBRIUM EFFECTS. To map the micro estimates B, into full general equi-
librium counterfactuals, researchers would typically use full structural models, calibrated
to be consistent with the micro estimates themselves as well as various other formally or
informally targeted macro moments (e.g. Kaplan & Violante, 2018). The results in Section 2
suggest that, for a large class of models, evidence on the aggregate effects of public spending
shocks should be a highly informative macro moment — in fact informative enough to give
some counterfactuals without ever having to solve any particular model.

The second step of my proposed methodology leverages this insight. Under demand
equivalence, we know that — for any possible transfer policy — there exists some aggregate

fiscal spending policy with the same general equilibrium effects. To make this observation

13The regression in (13) is at the individual level. My analysis here thus does not apply to cross-regional
regressions, as for example in Mian et al. (2013). I generalize the method to such regressions in Wolf (2019).
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practically useful, suppose that the econometrician uses the standard fiscal policy time series
toolkit (Ramey, 2018) to jointly estimate the response of the macro-economy to a list of 7y
different kinds of government spending shocks {e,, },%,, where these shocks induce potentially
different paths of aggregate government spending and tax financing. For my approach to

work it must be the case that, for some linear combination of shocks with weights {~;},

ng
Bo= > w x g (19
k=1

In words, a linear combination of government spending shocks available from macro exper-
iments gives similar partial equilibrium excess demand pressure as the transfer €,. This
is a restrictive requirement, but I will later demonstrate through several applications that
such “demand matching” is possible in practice for many interesting partial equilibrium de-
mand paths B, and so shocks e,.'* The researcher would then estimate the missing general

equilibrium intercept as
ng
o= Z T X Cq (16)
k=1

By Assumption 2, (16) recovers the general equilibrium effects of a rebate financed exactly
like the composite public spending shock % | v, x g, . For example, in my main application,
I will consider a persistently deficit-financed spending expansion, so my counterfactuals will

be interpretable as applying to a similarly deficit-financed transfer.

MACRO COUNTERFACTUALS. Putting all the pieces together, we finally get the full general

equilibrium counterfactual

p>
I
=
_I_

(]

Ve X égk (17)

(>~
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1

PE response ,

~
GE feedback

Since by assumption the econometrician is able to jointly estimate the response of the macro-

economy to the list {4, }*, of fiscal shocks, she can straightforwardly construct frequentist

standard errors or Bayesian confidence sets for the full general equilibrium term.”

14 Alternatively, the researcher could fix the observed time series public spending paths {g,, }, and then
interpret (16) as the ezact missing intercept of any private spending path that can be written as (15).

5Except for a brief discussion in Section 3.2, I will largely ignore estimation uncertainty for the direct
response. Under my assumptions, sampling uncertainty for the micro and macro parts is independent, so
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In the remainder of this paper I illustrate my method with three examples. First, in
Section 3.2, I use it to estimate the aggregate effects of a deficit-financed income tax rebate
(Parker et al., 2013). Second, in Appendix F, I study the effects of a one-off (budget-neutral)
income re-distribution from rich (low-MPC) to poor (high-MPC) households. Finally, in
Section 5, I establish a theoretical investment demand equivalence result, and use the natural

investment analogue of my approach to estimate the effects of bonus depreciation stimulus.

3.2 Application: income tax rebates

I combine micro and macro evidence to estimate the response of aggregate consumption and
output to a one-off, deficit-financed income tax rebate (i.e., lump-sum transfer). My main
finding is that full general equilibrium counterfactuals are close to direct micro estimates:
The direct increase in consumption demand is accommodated almost one-for-one through

an increase in output, with relatively limited general equilibrium crowding-out.

DIRECT RESPONSE. [ first require an estimate of the direct spending response ¢ZZ. For a

one-off, one-quarter stimulus payment, this direct spending response is given as
ebF = MPCy g x 7

where )
dci .
= di

MPC;y =
50 0 87’0

is the average marginal propensity to consume at time ¢ out of an income gain at time 0.
Several recent studies have used rich household spending data to estimate objects that are
either exactly or approximately interpretable as the desired average MPC (e.g. Johnson et al.,
2006; Parker et al., 2013; Jappelli & Pistaferri, 2014; Fagereng et al., 2018).1® A common
finding in this literature is that households spend most of a (small) one-time income receipt
on impact, and that the spending response decays back to zero relatively quickly. Johnson

et al. (2006) and Parker et al. (2013), who specifically focus on the consumption response

construction of joint confidence sets is in principle straightforward. Intuitively, this is so because macro shocks
are differenced out in micro regressions, and micro shocks have no aggregate effects (see Appendix D.4).

6By my definition of the consumption function c(e) in Section 2, the MPC should be interpreted as
an MPC after adjusting for any endogenous response of earnings. In the notation of Auclert (2019), it is

the adjusted MPC. As discussed there, popular empirical studies arguably estimate this adjusted object.
Furthermore, estimated earnings responses are usually small anyway, as discussed further in Section 4.2.
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to income tax rebates, estimate a differenced version of the micro regression (13); building
on Proposition 3, Appendix D.1 shows that — at least under some assumptions on household
expectation formation — their regression estimates M PCy (and M PC\ ).

The point estimates of Parker et al. (2013) suggest that, following the rebate stimulus of
2008, total consumption expenditures increased by about 50 to 90 per cent of payments in
the quarter of the receipt. Given the overall size and (staggered) timing of the stimulus, this
spending response corresponds to around 1.5 per cent of personal consumption expenditure

on impact, and 0.7 per cent in the following quarter.!” In the left panel of Figure 3, the

PE.
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green x’s show the corresponding direct consumption responses ¢fF and é
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Figure 3: The left panel shows direct consumption responses to the tax rebate (green) vs. direct

government spending response to identified spending shock (black), with 16th and 84th percentile

confidence bands (grey), quarterly frequency. Estimated consumption responses from Parker et al.
(2013) (Table 3). The right panel shows the response of consumption to the fiscal spending shock.

THE MISSING INTERCEPT. It remains to estimate the aggregate effects of a similarly tran-

sitory and deficit-financed expansion in government spending. Previous studies often find

1"These estimates include the durables spending response, consistent with the extended equivalence result
in Appendix C.3. My VAR analysis thus also throughout contains measures of total consumption. For com-
pleteness, however, I have repeated my analysis using evidence on non-durables consumption only. Results
are similar, with the missing intercept now an even more tightly estimated O.
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that increases in government consumption — both transitory and more persistent — are ac-
commodated roughly one-for-one through increases in output, with relatively little feedback
to private spending (Hall, 2009; Gechert, 2015; Caldara & Kamps, 2017; Ramey, 2018).

My identification of government spending shock propagation relies on professional fore-
cast errors for real federal spending. Formally, I treat the forecast errors as a (noisy) measure
of exogenous innovations to public expenditure; intuitively, this assumption can be justified
by likely lags in the response of fiscal policy to any changes in macroeconomic fundamentals.
In the language of macro identification, I assume that residualized forecast errors are valid
external instruments (Stock & Watson, 2018). In Appendix D.3 I phrase the IV relevance and
exclusion restrictions for the forecast errors z; in terms of primitives in my data-generating
process. For the purposes of the analysis here it suffices to note that, under those restric-
tions, a recursive vector autoregression (VAR) in instrument and macro aggregates (z:,y;)’
correctly identifies the impulse responses of all macro aggregates y; to a structural innova-
tion £4 in aggregate government spending. In my empirical implementation, the vector y;
includes measures of overall government spending, output, consumption, investment, hours
worked, and federal marginal tax rates. Forecast errors are available from 1981:Q3 onwards;
to plausibly estimate ¢, in a stable macroeconomic regime, I restrict my sample to end in
2008:Q4 (similar to Ramey, 2011). Since variable definitions, data construction and estima-
tion procedure are all standard and in line with previous work, I relegate further details to
Appendix D.3. The appendix also discusses several robustness checks, notably with respect
to the vector of macro aggregates 1, lag length selection, prior selection, and controls.

The results are also included in Figure 3. The left panel shows that, in response to the
shock, government spending increases sharply, but returns to baseline quickly. Importantly,
the time profile of the demand expansion quite closely mirrors the micro-estimated expansion
in private consumption spending.'® The right panel shows the corresponding response of
aggregate consumption — ¢,. Consumption appears to be somewhat crowded-in on impact,
and mildly crowded-out in the following quarters. Finally, in Appendix D.3, I show that
the expansion in government spending is deficit-financed, with a delayed increase in taxes.
By Assumption 2, my counterfactuals for a transitory income tax rebate should thus be

interpreted as pertaining to a particular, deficit-financed transfer to households."’

18While the two demand paths are quite similar, they of course do not align perfectly. In Appendix E.7,
I discuss the accuracy of my approximation under imperfect demand matching.

9Tn the model of Section 2.1, tax financing is always non-distortionary. However, it is immediate that
all results extend without change to distortionary tax financing — the only requirement is that the same
financing is used for both policies.
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MACRO COUNTERFACTUALS. To construct a valid general equilibrium counterfactual, it
now simply remains to sum the empirically estimated ¢ and ¢,. The results are displayed
in the left panel of Figure 4. Note that, for construction of the plot, I take the point estimate

of ¢P’F as given, and only account for macroeconomic estimation uncertainty.?

INCOME TAX REBATE, AGGREGATE IMPULSE RESPONSES

Consumption Output

0 2 4 6 8 0 2 4 6 8
Horizon Horizon
Figure 4: Consumption and output responses to an income tax rebate shock, quarterly frequency.
The full consumption response is computed following the exact additive decomposition of Propo-

sition 2, while the output response is simply equal to the response after a government spending
shock. The grey areas again correspond to 16th and 84th percentile confidence bands.

The left panel shows the full general equilibrium counterfactual for consumption. The
aggregate effect of the policy — according to my decomposition given as the simple sum
¢P’F + ¢, — appears to be quite close to the (large) micro-estimated direct spending response
¢P? documented in Parker et al. (2013). Thus, perhaps surprisingly, the various price and
multiplier effects cited in previous empirical and theoretical work seem to roughly cancel.
The right panel shows the corresponding impulse response of output which, by the demand
equivalence result, is identical for tax rebate and government spending expansion. Here I
find a significant (if short-lived) response, with output on impact rising by somewhat less
than 1 per cent, and then returning to baseline. Overall, deficit-financed income tax rebates

appear to provide meaningful stimulus to aggregate consumption and output.

20This is in keeping with my emphasis on the “missing intercept.” However, since the direct spending
response is only a function of the impact response coefficient of Parker et al. (2013), and since this coefficient
is statistically significant, it is immediate that the full impact response is — by independence — also significant.
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My analysis suggests that, at least for income tax rebate stimulus, the “missing inter-
cept” of general equilibrium feedback is approximately zero. This conclusion is an immediate
implication of the theoretical demand equivalence result in conjunction with a relatively stan-
dard piece of empirical evidence — deficit-financed government spending multipliers around
1, with limited feedback to private spending (Ramey, 2018). While direct micro estimates
are thus actually a reliable guide to full general equilibrium counterfactuals, arriving at this
conclusion nevertheless required important macroeconomic identifying assumptions, notably

on demand equivalence and the identification of aggregate public spending shocks.?!

IMPLICATIONS FOR STRUCTURAL MODELING. The results presented here can also inform
structural modeling. First, they provide a useful “sufficient statistics” summary of structural
work: Any model with a consumption response to tax rebates different from Figure 4 either
(i) breaks demand equivalence, (ii) is inconsistent with micro evidence on large direct spend-
ing responses, or (iii) is inconsistent with macro evidence that suggests around unit fiscal
multipliers and limited feedback to private spending. Second, note that my semi-structural
counterfactuals are only valid for the particular spending and financing paths of the underly-
ing time-series experiments. Impulse responses for never-before implemented financing paths
will in contrast invariably rely on fully specified structural models; for estimation of those,
the cross-sectional and time-series impulse responses of my analysis promise to be highly

informative “identified moments” in the sense of Nakamura & Steinsson (2018).

4 Approximation accuracy

Consistency of my proposed methodology requires that the exclusion restrictions of demand
equivalence hold exactly. As such, my approach is similar in the spirit to the older structural
VAR literature, which relied on exact contemporaneous zero restrictions for correct shock
identification (e.g. Sims, 1980; Christiano et al., 1999). In this section I study the sensitivity
of my approach to violations of these exclusion restrictions.

To do so, I consider quantitative structural business-cycle models as test laboratories.

An econometrician observes cross-sectional and time-series data generated by the model and

2IMy pre-crisis VAR implicitly measures “normal-time” general equilibrium effects. As I discuss in Ap-
pendix C.1, however, the equivalence result applies to (small) shocks around any given current state of the
economy. With an extended sample containing the recent period of low rates, I find suggestive evidence of
slightly larger multipliers, consistent with the results in Ramey & Zubairy (2018) and Debortoli et al. (2019).
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implements my methodology; I then ask how close the resulting output is to the true model-
implied impulse responses. To abstract from estimation uncertainty, I suppose throughout
that the econometrician in fact has access to infinitely large samples. The remainder of this
section will consider two sets of laboratories: first, conventional business-cycle models esti-
mated to fit standard macroeconomic time series aggregates; and second, further extensions

of this baseline specifically designed to break demand equivalence.

4.1 Estimated business-cycle models

My model laboratories build on the structural framework of Section 2.1. In this benchmark
model, demand equivalence fails only because of changes in household labor supply induced

by the transfer.

Proposition 4. Consider the structural model of Section 2.1. Suppose that, for each one-
time shock {1, g}, the equilibrium transition path exists and is unique. Under Assumptions 1
and 2, the responses of consumption to a tax rebate shock T and to a government spending

shock g with g, = ¢E'F satisfy, to first order,

~PE
e, = e+ o, + error(f > (18)

T

~PE
where the error function is characterized in Appendiz G.5 and is equal to 0 if £ = 0.

The labor supply channel will result in the econometrician over-estimating the response
of consumption to the transfer: Households want to work less upon receipt of the transfer,
but do not similarly cut their labor supply after increases in government spending. The two
model laboratories of this section — a novel estimated HANK model, as well as the canonical
business-cycle model of Justiniano et al. (2010) — however show that this channel is largely
absent in models with even moderate degrees of nominal rigidity. This finding is consistent
with conventional wisdom in the business-cycle literature (e.g. Christiano, 2011a,b): at least

for short-run fluctuations, hours worked are largely demand-determined.

THE ESTIMATED HANK MODEL. My main test for accuracy of the proposed approxima-
tion is an estimated HANK model, featuring a conventional consumption-savings problem
under imperfect insurance embedded into an otherwise standard medium-scale DSGE model.
I provide a brief outline of the model and my estimation strategy here, and relegate further
details to Appendix B.3.

27



The household block is as described in Section 2.1. The rest of the economy is designed to
be as close as possible to the medium-scale structural model of Justiniano et al. (2010). First,
I allow for investment adjustment costs, variable capacity utilization, and a rich monetary
policy rule. Second, in addition to the government spending shock discussed in Section 2.1,
I also include shocks to total factor productivity and the marginal efficiency of investment,
to household patience, to wage mark-ups, and to monetary policy. As I restrict attention to
first-order transition paths, these additional shocks of course do not affect the propagation
of private and public spending shocks; I only include them for estimation purposes.

I calibrate the model’s steady state using targets familiar from the HANK literature (e.g.
Kaplan et al., 2018). Importantly, because household self-insurance is severely limited, the
average MPC is high, at around 30% quarterly out of a lump-sum 500% income gain. Model
parameters governing dynamics are then estimated using conventional likelihood methods
(An & Schorfheide, 2007; Mongey & Williams, 2017) on a standard set of macroeconomic ag-
gregates.”? The key exception is the degree of wage stickiness which — in light of its centrality
to my results — is directly calibrated to be consistent with recent micro evidence (Grigsby
et al., 2019; Beraja et al., 2019), with wage re-sets every 2.5 quarters on average. I then
solve the model at the estimated posterior mode, and implement the demand equivalence
approximation for a one-off income tax rebate following the method of Section 3. Results
are displayed in Figure 5.

As in the figures of Section 2, the left panel decomposes the response of aggregate con-
sumption to a transfer into direct partial equilibrium (green) and indirect general equilibrium
(orange) effects. The decomposition is almost identical to that in Figure 2 — of course un-
surprising since the two models are essentially the same, with the sole exception being the
degree of wage stickiness. The right panel then approximates this consumption response by
summing (i) the direct response ¢'F and (ii) the full response of consumption to an expansion
in government spending satisfying the demand matching in (15), ¢;,. Under Assumption 3,
the decomposition would be exact, so the grey and black dotted lines would be indistin-
guishable. Now, since households want to optimally work less after receiving the transfer,
my approximation overstates the full consumption response, as expected. The associated
error, however, is small, at just below 3 per cent of the true peak consumption response.
Intuitively, even with (moderately) sticky wages, labor is largely demand-determined, and

so small and transitory shifts in labor supply are quantitatively irrelevant.

228pecifically, I include measures of output, inflation, a short-term interest rate, consumption, investment,
and hours worked — six observables for six shocks.
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APPROXIMATE DEMAND EQUIVALENCE, ESTIMATED HANK MODEL
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Figure 5: Consumption impulse response decompositions and demand equivalence approximation
in the estimated HANK model, with details on the parameterization in Appendix B.3. The direct
response and the indirect general equilibrium feedback are computed following Definition 1.

Finally, in Appendix E.1, I show that this conclusion is not at all special to the posterior
mode of the estimated model. To make this point, I randomly draw model parameters from
large supports, solve the implied model, and compute the approximation accuracy. The
analysis reveals that, of all estimated parameters, only the degrees of price and wage rigidity

have a material impact on the accuracy of the approximation.

CANONICAL BUSINESS-CYCLE MODELS. The approximate demand equivalence documented
in Figure 5 is also not specific to my particular HANK model set-up, but in fact also a feature
of various well-known estimated business-cycle models. In Appendix E.2, I use the demand
equivalence approximation to construct counterfactuals for consumer impatience shocks in
the popular structural model of Justiniano et al. (2010), solved at the posterior mode. Since
wages are even stickier here, the approximation is even better than in the estimated HANK

model, with the approximation error now barely visible.

4.2 Labor supply

In the estimated models considered so far, the labor supply channel is quantitatively ir-
relevant because transitory shifts in household labor supply have little effect on aggregate

equilibrium outcomes. To illustrate a failure of demand equivalence, Figure 6 constructs the
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output of the two-step procedure in my estimated HANK model, re-parameterized to fea-
ture almost perfectly flexible prices and wages. Given strong wealth effects in labor supply,
household earnings decline sharply in response to transfer receipt; indeed, by the argument
in Auclert & Rognlie (2017), this decline in labor earnings can be as large as the spending
increase associated with the transfer. The two-step approximation misses this substantial

decline in hours worked, and so overstates the total consumption response.

FAILURE OF DEMAND EQUIVALENCE, FLEX-PRICE HA MODEL
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Figure 6: Consumption impulse response decompositions and demand equivalence approximation
in the estimated HANK model, but with flexible prices and wages. The direct response and the
indirect general equilibrium feedback are computed following Definition 1.

There are two possible responses to this failure of my approach. The first, taken in this
paper, is to argue that the mechanism underlying the inaccuracy is at odds with all kinds
of micro and macro evidence, and thus ignore it. On the macro side, standard time series
estimation exercises usually call for near-zero wealth effects in labor supply (Schmitt-Grohé
& Uribe, 2012; Born & Pfeifer, 2014) as well as at least some degree of nominal rigidity. On
the micro side, quasi-experimental evidence at the household level suggests that, in response
to lump-sum transfer receipts, hours worked and earnings drop by an order of magnitude less
than spending increases (e.g. Cesarini et al., 2017; Fagereng et al., 2018).?® Finally, direct
estimates of wage rigidity using microeconomic or cross-regional data suggest moderate, but

non-trivial, amounts of stickiness (Grigsby et al., 2019; Beraja et al., 2019).

23Coibion et al. (2020) document similarly small earnings responses after stimulus payments in the COVID-
19 recession.
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The second response is to extend the two-step methodology to explicitly take into account
the labor supply channel. The proof of Proposition 4 reveals that the error term is identical
to the response of aggregate consumption to a particular kind of “labor wedge” shock —
the sudden desire of households to work less. Combining (i) micro estimates of the size
of this labor wedge shock and (ii) evidence on the aggregate effects of distortionary labor
income taxes (Mertens & Ravn, 2013), we could recover a direct empirical correction for the
error term. I briefly discuss this extension in Appendix E.3; unsurprisingly, since empirical
estimates of the desired labor supply contraction are small, the results of this augmented

procedure are almost identical to my benchmark estimates.

4.3 Other model extensions

In this section I use three extensions of my estimated HANK model to gauge the sensitivity
of the demand equivalence approximation to violations of the required exclusion restrictions.
These extensions are: (i) a richer household asset space, (ii) productive and direct utility
benefits of government spending, and (iii) multiple production sectors. For all cases I discuss
the likely sign of the bias based on a priori reasoning, and then evaluate it quantitatively
using empirically disciplined extensions of my baseline estimated HANK model. The section

here collects my main results, with details relegated to Appendix E in the Online Appendix.

FINANCIAL ASSETS. If households and government borrow and lend at different rates, then
identical changes in private and public net excess demand cannot be financed using identical
paths of taxes and transfers, violating Assumption 2. In particular, if household returns
are high (low) relative to government returns, then taxes need to increase by less (more) to
finance private relative to public spending. These lower (higher) taxes will sooner or later
feed back into consumption; if this happens immediately, then the simple demand equivalence
approximation will tend to under-state (over-state) the true impulse response of aggregate
consumption to the private demand shifter.?*

Appendix E.4 considers a two-asset HANK model — similar to Kaplan et al. (2018)
— in which households pay an intermediation fee on liquid deposits, biasing my equivalence

approximation upwards.?® This extension, however, has relatively little effect on the accuracy

24 A similar logic applies to open economy settings. Assuming imperfect home bias, transfers to households
will leak abroad, while government purchases will be fully concentrated on domestic output. The equivalence
approximation will thus tend to over-state, with the bias increasing in the openness of the economy.

25T choose this asset structure to ensure that all sources of bias point in the same direction (upwards). If
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of the demand equivalence approximation. The intuition is simple: Suppose that, in response
to a shock, direct (partial equilibrium) household spending increases by 1$ for one year. My
approximation compares the aggregate effects of this shock to those of an identical expansion
in aggregate public spending. Crucially, even if the wedge between average household and
government discount rates is an (arguably implausible) five per cent, the difference in present
discounted values of the two spending expansions is just five cents — relatively small compared
to the initial size of the stimulus. The implied difference in tax financing is thus also small,

and so the approximation remains accurate.

USEFUL GOVERNMENT SPENDING. In the benchmark model, government spending is so-
cially useless — it is neither valued by households, nor does it have productive benefits. In
Appendix E.5 I study the extent to which my approximation is affected by non-separabilities
in the private valuation of government spending (following Leeper et al., 2017) and produc-
tive benefits of government investment.

If private and public consumption are complements in household utility (as for example
estimated in Leeper et al.; 2017), then the demand equivalence approximation is likely to
over-state the consumption response to the demand shifter. I show that, if the researcher is
willing to commit to a particular functional form of the non-separability, then a straightfor-
ward modification of my methodology can correct for the bias. However, standard estimates
of the complementarity are anyway small enough to not substantially threaten the accuracy
of the equivalence approximation. Next, to gauge the importance of productive benefits of
government spending, I review the empirical evidence on fiscal multipliers for public invest-
ment. The key take-away is that such multipliers are usually estimated to be larger than
standard spending multipliers, with a cross-study average of around 1.5 (e.g. Gechert, 2015;
Ramey, 2016). These findings suggest that the productive benefits of government invest-
ment are quantitatively significant, and thus caution against the use of public investment

multipliers for my approximations.

MULTI-GOODS MODELS.  While much of the business-cycle literature relies on the one-good
abstraction in Assumption 1, private and public consumption baskets of course differ in real-
ity. Most obviously, this heterogeneity in consumption goods will break equivalence because

of relative price responses (Ramey & Shapiro, 1998). Somewhat more subtly, heterogeneity

government debt yields low returns, but household-held equity gives high returns, then the asset return bias
would be negative and thus offset the labor supply bias.
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can also matter if different goods have different production technologies. If so, the income
generated by private and public demand shocks may flow to different factors of production,
leading to heterogeneous general equilibrium propagation (Baqaee, 2015; Alonso, 2017).

To test the likely strength of those mechanisms, I in Appendix E.6 consider a multi-
sector variant of my estimated HANK model, disciplined by empirical evidence on (i) the
strength of relative price effects and (ii) heterogeneity in network-adjusted labor shares.
With prices somewhat sticky in the short run, and given relatively moderate differences in
network-adjusted labor shares across sectors, I find that demand equivalence continues to
approximately hold. In particular, the relative weakness of the sectoral incidence channel

documented here is consistent with the findings in Alonso (2017).

5 Investment demand counterfactuals

This section extends my methodology to study the general equilibrium propagation of shocks
to investment demand. Section 5.1 sketches the theoretical equivalence result, and Section 5.2
leverages it to derive semi-structural aggregate counterfactuals for investment tax stimulus

through accelerated bonus depreciation.

5.1 Investment demand equivalence

My formal analysis of investment demand equivalence again builds on the model of Sec-
tion 2.1. Anticipating the empirical application, I augment this model to feature investment
tax credit shocks €, — shocks that reduce the cost of capital purchases by intermediate goods

producers at time ¢ by an amount 7, = 7,(g,).”

THE EQUIVALENCE RESULT. I define direct (partial equilibrium) responses and indirect
(general equilibrium) feedback for firm investment exactly analogously to Definition 1, using
the implied aggregate investment function i(e). As before, the question is — under what
restrictions on primitives does the response of investment to suitably chosen fiscal spending
experiments give the “missing intercept” ig’E ?

My proof strategy is identical to that in Section 2: I characterize equilibrium response

paths as a system of market-clearing conditions, and then impose enough restrictions on

26More generally, my results can be interpreted as applying to any kind of shock that appears as a reduced-
form wedge in firm investment optimality conditions (Chari et al., 2007).
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this system to ensure that the investment tax credit as well as a suitable fiscal experiment
perturb the same equations by the same amount. In the baseline model, the investment tax
credit policy has three main effects. First, investment responds; since investment invariably
boosts the future productive capacity of the economy, production also increases, so the

induced partial equilibrium net excess demand path for the final output and investment
SPE
lq

by taxed households, but the benefits accrue to households receiving dividend payments.

good is if ¥ — yF¥ 27 Second, the policy may be redistributive: the cost of financing is borne
Third, more investment and so more capital will increase the marginal product of labor, and
thus firm labor demand will increase.

Matching the first effect is straightforward: I consider a fiscal spending expansion with

5 — PE _ GPE (19)

For the other two effects I require additional exclusion restrictions. To rule out heterogeneous
distributional implications of tax financing and dividend payments, I assume that household
income risk is perfectly insurable, thus effectively imposing a representative-household struc-
ture. This restriction also implies that Ricardian equivalence holds, so the precise timing of
the policy financing is irrelevant. Next, to ignore the labor demand response, I assume that
labor supply is perfectly flexible, either because of a large Frisch elasticity of labor supply,
or because labor is fully demand-determined. Under those two additional restrictions on
primitives, a fiscal experiment satisfying (19) indeed gives the “missing intercept” of the
investment response:

i, = i 4 i, (20)

Analogously we can also recover the output response as

yq = yzlng + S’g (21)

I formally state the equivalence result and its assumptions in Appendix A.2.

ScOPE. The formal investment demand equivalence proposition requires no additional re-
strictions on the production side of the economy: Firms can face a rich set of real and

financial frictions, including (convex and non-convex) capital adjustment costs as well as a

27Strictly speaking, the output response may also appear as a wedge in the monetary policy rule. The
restrictions required to rule out this policy effect are relatively standard and so not further discussed here;
details are provided in Appendix A.2.
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generic set of constraints on equity issuance and borrowing. The restrictions on the rest
of the economy are meaningful, but — as discussed in Appendix C.6 — routinely imposed in
quantitative general equilibrium models of investment; in particular, the assumptions hold in
the well-known models of Khan & Thomas (2008), Khan & Thomas (2013), Winberry (2018),
and Bloom et al. (2018). As such, the decomposition in (20) provides a useful identification

result for a popular class of models.

5.2 Application: bonus depreciation

The investment equivalence result justifies a two-step procedure to study generic investment
demand shifters, exactly analogous to my analysis of consumption shifters in Section 3. In
this section I use the two-step procedure to construct a general equilibrium counterfactual
for investment bonus depreciation stimulus — that is, the ability to tax-deduct investment
expenditure at a faster rate, as implemented in the U.S. in the two most recent recessions
(Zwick & Mahon, 2017). It is well-known that, in the absence of firm-level financial frictions,
such accelerated bonus depreciation schedules are isomorphic to the investment tax credits

covered by the investment equivalence result (Winberry, 2018).%

DIRECT RESPONSE. My estimates of the direct response of investment to the shock rely
heavily on Zwick & Mahon (2017) and Koby & Wolf (2020), who exploit cross-sectional
firm-level heterogeneity in the exposure to bonus depreciation investment stimulus. In Koby
& Wolf (2020), we estimate dynamic regressions akin to (13) and give sufficient conditions
under which the regression estimands are identical to or at least informative about the desired
partial equilibrium investment spending responses if; E. The discussion is largely analogous
to that in Proposition 3, so I relegate further details to Appendix D.2.

Given a path for the direct investment spending response iqP £ 1 can recover the implied
partial equilibrium production path using estimates of the capital elasticity of production.
In particular, assuming a simple Cobb-Douglas production function y = (k*¢*~*)” as well

as competitive spot labor markets, it is straightforward to show that

“PE av I PE
- W Lk
yqt 1 — (1 . a)y qt—1

Thus, given estimates of the capital depreciation rate ¢, the capital share «, and the returns

28 As in Section 3, the analysis in this section implicitly relies on the stochastic VMA representation of the
model, and considers estimation of impulse responses to one-off structural shocks.
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to scale parameter v, it is possible to recover the implied partial equilibrium production
path. Consistent with my estimated HANK model, I set § = 0.016, « = 0.2 and v = 1.

I take the regression estimates of iftE for t = 0,1, 2,3 straight from Koby & Wolf (2020,
Table 1). The green z’s in the investment panel of Figure 7 show the estimated path of direct
investment spending responses to a one-quarter bonus depreciation shock worth around 8
cents, a shock similar in magnitude to the stimulus of 2008-2010. The solid green line
extrapolates the empirical estimates to a full response path using a Gaussian basis function,
similar to Barnichon & Matthes (2018). I take this extrapolated path to be the empirical
estimate of the full spending response path iéj E

Investment demand increases substantially and persistently in response to the stimulus.
Since capital is pre-determined, and since all prices faced by firms (except for taxes and
so effective capital goods prices) are fixed by the nature of the partial equilibrium exercise,
output does not increase on impact, but instead only gradually increases over time. Together,
the investment and output responses translate into a more complicated intertemporal net
excess demand profile, displayed in the top left panel: Net excess demand is large and positive
on impact (due to higher investment demand), but turns negative over time, as additional

capital becomes productive and so expands the productive capacity of the economy.

THE MISSING INTERCEPT. Following (20), it remains to replicate the estimated net excess

demand path through a suitable list of government spending shocks:
T A D DI - (22)
k=1

It is unlikely that any single estimated spending shock can replicate the reversal documented
in Figure 7. Encouragingly, much previous work on fiscal multipliers actually estimates the
effects of delayed increases in government spending (Ramey, 2011; Caldara & Kamps, 2017)
— that is, government spending news shocks. In principle, combining these delayed spending
responses with the immediate spending effect estimated in Section 3.2 should allow me to
replicate the net demand effects of the investment tax credit.

To operationalize this insight, I consider the same VAR as before, but now study the re-
sponses to residualized innovations in both the instrument equation as well as the equation
for government expenditure itself. The first innovation is simply the shock studied in Sec-
tion 3.2, while the second innovation is similar to the popular recursive identification scheme

of Blanchard & Perotti (2002), augmented to include forecast errors as a control for anticipa-
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Figure 7: Investment, output and consumption responses to an investment tax incentive shock,
quarterly frequency, with the partial equilibrium net output response path matched to a linear
combination of government spending shocks. “KW?” refers to Koby & Wolf (2020); details are
given in Appendix D.2. The investment and output responses are computed in line with (20) - (21),
while the consumption response is just the response after the identified combination of government
spending shocks. The grey areas again correspond to 16th and 84th percentile confidence bands.

tion effects. Consistent with previous work, I find the effects of the Blanchard-Perotti shock
to be delayed, and so a linear combination of the two shocks allows me to match the implied
net excess demand path of the investment demand shock, as shown in the top left panel of
Figure 7. Further details on the empirical implementation — in particular the construction

of standard errors for general equilibrium feedback — are provided in Appendix D.3.

MACRO COUNTERFACTUALS. All results for general equilibrium counterfactuals are dis-

played in Figure 7. With the requirement that g, = if; B _ 95 E satisfied, the investment
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and output panels implement the additive decompositions in (20) and (21), respectively.
My main finding is that the substantial partial equilibrium investment demand responses
estimated in Zwick & Mahon (2017) and Koby & Wolf (2020) also survive in general equi-
librium. The increase in investment demand is accommodated through a sharp immediate
increase in output as well as a smaller and somewhat delayed drop in consumption. Taken
together, the large direct investment spending responses estimated in micro data as well as
extant evidence on the transmission of aggregate government spending shocks suggest that

bonus depreciation investment incentives provide a sizable macroeconomic stimulus.

6 Conclusion

I develop a new approach to the estimation of aggregate counterfactuals for a general family
of consumption and investment demand shifters. Micro data can help us learn about the
extent to which these demand shifters directly stimulate household and firm spending, and
extant evidence on the transmission of public spending shocks to private expenditure contains
valuable information about the “missing intercept” of general equilibrium accommodation.
Applied to income tax rebates and investment bonus depreciation incentives, my method-
ology suggests that both policies substantively stimulate aggregate spending, and that this
expansion in spending is accommodated in general equilibrium through a one-to-one increase
in production, rather than being crowded out through price responses. Any calibrated struc-
tural model that implies large general equilibrium amplification or dampening either does
not feature demand equivalence, or is inconsistent with conventional estimates of the size of
the fiscal multiplier.

The methodology promises to be useful beyond the applications considered in this paper.
In the companion paper Wolf (2019), I generalize my results to map cross-regional regression
estimates into macro counterfactuals, with an application to household deleveraging due to
tighter borrowing conditions (Mian et al., 2013; Guerrieri & Lorenzoni, 2017). Examples
of other interesting macro shocks covered by the two-step method include firm uncertainty
(Bloom, 2009; Bloom et al., 2018), shocks to firm credit conditions (Khan & Thomas, 2013)
and household debt relief (Auclert et al., 2019). T leave those applications to future work.
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A Appendix

A.1 Proof of consumption demand equivalence

Similar to the heuristic argument in Section 2.3, I begin by writing the equilibrium of the full

baseline model as a dynamic system of market-clearing conditions.

Lemma A.1. Consider the structural model of Section 2.1. A perfect foresight equilibrium is a
sequence of nominal interest rates i°, aggregate output y, wages w and the endogenous part of tazx

rebates T. such that

c(s"(x);e) +i(s/ (x);6) +8(e) = y(s/(x);¢)
O'(s"(x;6)) = (s (x);e)
y(s/(x)ie) =y
Te(s! (x);6) = T

b

wherex = (i, y, w,T.), s" = (i®,m, w,£,7.,d), s* = (m,w,c), s/ = (i’ w,m), and the consumption,

production, investment, labor demand and labor supply functions c(e), y(e), i(e), £"(e) and £/ (e)

are derived from optimal firm, household and union behavior.
Proof. See Appendix G of the Online Appendix. O

A perfect foresight equilibrium is thus, to first order, a solution to the system of linear equations

%x&—i—%xe + ﬁxf{—i—ﬁxe —i—%x = a—yxfﬁ—a—yxe
ox e ox e e ¢ T \ox e

<(9£" A ) <8€f .ot >
— XX+ —x€e|] = | —XxX+—Xxe¢

ox Oe ox Oe
dy . Oy _ .

<8x X+ % X e> = JoxXx

Ore X+ Ore X Jy X X

ox e -

where J; denotes the infinite-dimensional generalization of the selection matrix selecting the ith

entry of a vector z;. Assuming equilibrium existence and uniqueness,?” there exists a unique linear

29Existence and uniqueness of a bounded transition path for representative-agent models can be shown as
usual. For the heterogeneous-agent models, I have verified existence and uniqueness for particular numerical
examples, using the conditions of Blanchard & Kahn (1980).
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map H such that
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where H is a left inverse of
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ox Bx
Ty — 2

OTe
Ji— 5

The assumed existence and uniqueness of the equilibrium ensures that this left inverse is in fact
unique. Now consider transfer and government spending shocks. To reduce unnecessary clutter,
I use the notation % (rather than the generic 8%) to denote derivatives for a shock path where

only entries of shock s are non-zero. By definition of the firm policy functions (see Appendix B.1),

we know that ﬁ = gTy = % = O and similarly that 32. = g—&:}; = gﬁf = 0. We also know that
66 =0, and by AbbUl’IlpthIl 3 = 0. The two direct shock responses are then

o) “PE Og 5

8507_ CT (969 gg

0 0 0 0

X € = , and X Eg =

0 0 0

T, +PE OTe +PE

Oer er Ogg Teg
By Assumption 2, we know that there exists a matrix 7 such that 7 'r =T xelE, PE =T x g,
and so TP B Teg if el = g,. Thus, in response to the lump-sum income tax rebate and

government spending shocks, the response path of consumption satisfies

E A~

P
Cr gg
R oc oc 0 R oc 0
¢, = —X€& + —xHX , and ¢4 = 0 + ——xHX
O, ox 0 ox
~—
. ~PE ~PE
elPE T, Teg
DXéfE Dng

respectively, where D is a common demand multiplier. This establishes that éfE = é?E , and so

(10) follows from simple addition. O
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A.2 Details on investment demand equivalence

I begin with the restrictions needed for an exact investment demand equivalence result. The first

assumption — a single common final good — is again implicit in the model set-up.
Assumption A.1. A single final good is used for (government) consumption and investment.

In imposing this first restriction, I implicitly assume that all meaningful capital adjustment
costs are internal to the firm, and that the aggregate supply of capital (out of the common final
good) is perfectly elastic. This assumption is consistent with the empirical findings in House &
Shapiro (2008), Edgerton (2010) and House et al. (2017).

The second assumption rules out any heterogeneous distributional implications associated with

dividend and tax payments following the firm subsidy and the equivalent fiscal spending change.

Assumption A.2. All households i € [0,1] have identical preferences, receive equal lump-sum

government rebates 7 and firm dividend income di, and face no idiosyncratic earnings risk.
The third assumption allows me to ignore the labor demand response.

Assumption A.3. Labor supply is perfectly elastic, either because the Frisch elasticity of labor
supply is infinite (linear labor disutility), or because wages are perfectly sticky. Furthermore, the

period household felicity function is separable in consumption and hours worked.

Finally, I require an additional restriction on monetary policy feedback. If the monetary author-
ity directly responds to the level of aggregate output, then the increase in production associated
with the investment subsidy will induce a contractionary monetary response. I rule this out by
assuming that the monetary authority targets the output gap (as for example in Justiniano et al.,

2010), or does not respond at all to fluctuations in output.

Assumption A.4. The monetary authority’s interest rate rule does not include an endogenous

response to fluctuations in the level of aggregate output.
Under Assumptions A.1 to A.4 T can prove the following demand equivalence result.

Proposition A.1. Consider the structural model of Section 2.1. Suppose that, for each one-time
shock {q, g}, the equilibrium transition path exists and is unique. Then, under Assumptions A.1

to A.4, the response of investment to an investment tax credit shock q and to a government spending

shock g with g4 = ifE — y,fE satisfies, to first order,
. \PE .
q = 1q + g
Proof. See Appendix G of the Online Appendix. O

It is immediate from the proof of Proposition A.1 that all results extend immediately to generic

investment “wedges” (Chari et al., 2007).
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Online Appendix for:
The Missing Intercept:
A Demand Equivalence Approach

This online appendix contains supplemental material for the article “The Missing Intercept:
A Demand Equivalence Approach”. I provide (i) further details for the various structural
models used in the paper, (ii) several additional results on exact demand equivalence, (iii)
details on the empirical micro and macro experiments used to construct my semi-structural
counterfactuals, (iv) results on approximation accuracy in models with approximate demand
equivalence, and (v) a third application of my empirical methodology, to income redistribu-

tion. The end of this appendix contains further proofs and auxiliary lemmas.

Any references to equations, figures, tables, assumptions, propositions, lemmas,

or sections that are not preceded “B.” — “G.” refer to the main article.
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B Model detalils

This appendix provides additional details on the baseline structural model underlying my
demand equivalence results. In Appendix B.1 I outline the full model and offer a formal
definition of equilibrium transition paths. Appendices B.2 and B.3 then discuss (i) the
simple spender-saver RBC model of Section 2.3 and (ii) the rich estimated HANK model.
Finally, in Appendices B.4 to B.6, I sketch various model extensions that break the exclusion

restrictions required for demand equivalence.

B.1 Rest of the economy and equilibrium definition

Recall that the model is populated by households, firms, and the government. Whenever
there is no risk of confusion, I replace the full decision problems of agents by simple con-
ditions characterizing their actual optimal behavior. I do so because many of the problems
considered here (in particular those of price-setting entities) are notationally involved, but

at the same time extremely well-known and so require no repetition.

HouseHOLDS. The household consumption-savings problem was described in detail in Sec-
tion 2.1. It remains to specify the problem of a wage-setting union k. A union sets wages
and labor to maximize weighted average utility of its members, taking as given optimal
consumption-savings behavior of each individual member household, exactly as in Auclert
et al. (2018). Following the same steps as those authors, it can be shown that optimal union

behavior is summarized by a standard non-linear wage-NKPC:*’

Ew ! Ew— 1 .
(14 m") = 0—5? [/0 { — u@(cit,ﬁf}) - (1-— Tg)wteituc(cit,ﬁff)}dz}

w

+Bm (T + 7 ) (B.1)

where 147" = % X Tlm’ € 18 the elasticity of substitution between different kinds of labor,
and 6, denotes the Rotemberg adjustment cost. Given prices (m, w) as well as a consumption
path c, (B.1) provides a simple restriction on total labor supply £".*! Note that, without

idiosyncratic labor productivity risk and so common consumption ¢;; = ¢, the derived wage-

30For notational simplicity, in the derivation of this wage-NKPC assume that 3; = 8 for all i. The
generalization to heterogeneous f;’s is conceptually straightforward, but notationally cumbersome.

31In the special case 6, — 0o, equation (B.1) is vacuous, so then I instead simply assume that £" = £f.
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NKPC (B.1) is to first order identical to the standard specification in Erceg et al. (2000).
An extension to partially indexed wages, as in Smets & Wouters (2007) or Justiniano et al.
(2010), is straightforward and omitted in the interest of notational simplicity.

Together, the consumption-savings problem and (B.1) characterize optimal household
and union behavior. I assume that the solutions to each problem exist and are unique, and
summarize the solution in terms of aggregate consumption, saving and union labor supply
functions c(s",€), b*(s", ), and £*(s*), where s" = (i®,7,w,£,7.,d) and s* = (w,w,c).*?

In particular, the union problem gives

For my theoretical equivalence results, I will impose the high-level assumption that all of

those infinite-dimensional functions are at least once differentiable in their arguments.

FirMms. 1 first study the problem of each of the three types of firms in isolation. I assume
14if 4 33

that all firms discount at the common rate 1+ 7} = = rr—at

1. Intermediate Goods Producers. The problem of intermediate goods producer j is to

00 t—1
e ()

{dJI-t7yjt7£jt7kjt77:jt7ujt7b§t} t=0 \g=0
such that

o 1+,
djt = plyje — wilje —d(kje, kje1, e, i50-1) — b;; + T;tbft,l
Tt
Yjt y(ejmujtk?jt—l,fjt)
G = ke = [1 = 0(use)]kjra
—b?, L(Kje—1, kjt, mj¢)

d, > d

IAN I

Vv

32Formally, the input to the union problem is a “virtual” consumption aggregate (see Auclert et al. (2018)
and the discussion surrounding (B.22)). In a slight abuse of notation, the dependence on c in the equations
here is a shorthand for dependence on overall household consumption decisions given (s”, ).

33Along a perfect foresight transition path, discounting at 1 4+ 7% is equivalent to discounting at the
(common) stochastic discount factor of all households with strictly positive asset holdings.
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The physical adjustment cost function ¢(e) is general: it may be convex and continuously
differentiable, but it may also feature a fixed-cost component or partial irreversibility.
Firms can vary capital utilization, with higher utilization leading to faster depreciation,
i.e. 0'(e) > 0. The solution to the firm problem gives optimal production y(e), la-
bor demand £/ (e), investment i(e), intermediate goods producer dividends d’(e), capital
utilization rates u(e) and liquid corporate bond savings b/(e) as a function of nominal

returns i, inflation m, wages w, and the intermediate goods price p’.

2. Retailers. A unit continuum of retailers purchases the intermediate good at price p!,
costlessly differentiates it, and sells it on to a final goods aggregator. Price setting is
subject to a Rotemberg adjustment cost. As usual, optimal retailer behavior gives rise
to a standard NKPC as a joint restriction on the paths of inflation and the intermediate

goods price. In log-linearized form:

%tzg_pep—l
Op  p

Kp

27 2
X Py + BT

where ¢, denotes the substitutability between different kinds of retail goods, and 6, de-
notes the Rotemberg adjustment cost. In an equivalent (to first-order) Calvo formulation,

the slope of the NKPC instead is given as

(1— 1500 (1 — ¢p)
P

Hp:

where 1 — ¢, is the probability of a price re-set. A further extension to partially indexed
prices, as in Smets & Wouters (2007) or Justiniano et al. (2010), is straightforward and

omitted in the interest of notational simplicity. Total dividend payments of retailers are
dit = (1 —p})y:

3. Aggregators. Aggregators purchase retail goods and aggregate them to the composite final
good. They make zero profits.

Total dividend payments by the corporate sector are given as

dy = dj +djf
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Using the restriction on the intermediate goods price implied by optimal retailer behavior,
aggregate dividends can thus be obtained solely as a function of s/ = (i*, w, ).

We can now summarize the aggregate firm sector simply through a set of optimal produc-
tion, labor hiring, investment, dividend pay-out and bond demand functions, y = y(s';¢),
¢ =10/ (sTe), i =i(s';e), d = d(s”;e) and b/ = b/(s/;¢), as well as a restriction on the
aggregate path of inflation, 7 = w(s’;€), where s/ = (i, 7w, w). As before, I will assume that

these aggregate firm sector-level functions are at least once differentiable in their arguments.

GOVERNMENT. The fiscal authority was discussed in detail in Section 2.1; furthermore, in
Appendix B.3, I give an example of a concrete fiscal rule. It remains to describe central bank
behavior. In line with standard empirical practice I assume that the nominal rate on bonds

b is set according to the conventional Taylor rule

7
Ef = sz?—1 + (1= pm) <¢7r7:Tt + ¢yf§t + ¢dy?jt—1>

A generalization to feature a notion of potential output, as in Justiniano et al. (2010), is

straightforward.

MARKET-CLEARING. Equating liquid asset demand from households and intermediate

goods producers, as well as liquid asset supply from the government, we get
W+l = b,

Equating labor demand and supply:
o=

Finally, aggregating all household, firm and government budget constraints, we obtain the

aggregate output market-clearing condition®*

i+ g =y

EQUuILIBRIUM. All results in this paper rely on the following equilibrium definition.

3480 as to not excessively clutter market-clearing conditions with various adjustment cost terms, I assume
that adjustment costs are ex-post rebated lump-sum back to the agents facing the adjustment costs. Of
course, all subsequent equivalence results are unaffected by this rebating. An alternative interpretation is
that adjustment costs are instead just perceived utility costs, as in Auclert et al. (2018).
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Definition 2. Given initial distributions ul = " and ,ug = @i/ of households and intermedi-
ate goods producers over their idiosyncratic state spaces, an initial real wage w_; = w, price
level p_1, and real government debt b_y = b, as well as exogenous shock paths {&;}%,, a recur-
sive competitive equilibrium is a sequence of aggregate quantities {cz, (7, @c, bl b{, be, Yz, 14, dy,

ki, g, Tt 520 and prices {m, 10, w }22, such that:

1. Household Optimization. Given prices and government rebates, the paths of aggregate
consumption ¢ = c(s";€), labor supply £" = £"(s*), and asset holdings b"* = bl (s";¢) are

consistent with optimal household and wage union behavior.

2. Firm Optimization. Given prices, the paths of aggregate production y = y(s’;€), invest-
ment i = i(s’;¢€), capital k, labor demand €/ = €/ (s7;¢), dividends d = d(s’;€) and asset
holdings b/ = b/ (s’;€) are consistent with optimal firm behavior. Furthermore, the path

of inflation is consistent with optimal retailer behavior.

3. Government. The liquid nominal rate is set in accordance with the monetary authority’s
Taylor rule. The government spending, rebate, and debt issuance paths are jointly consis-
tent with the government’s budget constraint, its exogenous laws of motion for spending

and discretionary rebates, and its financing rule.

4. Market Clearing. The goods market clears,
Ct+ i+ gt = Yt

the bond market clears,
b+ b = b,

and the labor market clears,
=1

forallt=0,1,2,....

B.2 Spender-saver RBC model

The simple model is a special case of the rich benchmark model of Section 2.1. For conve-

nience, I here explicitly state the equations characterizing the model equilibrium.
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MODEL SKETCH. A mass A € (0,1) of households are spenders, indexed by h. They
inelastically supply labor and receive lump-sum transfers 75,;; since 8, = 0, their consumption
satisfies

che = Wil + Ty (B.2)

The residual fraction of households are savers, indexed by r. Since there are no adjustment
costs or portfolio restrictions, I can characterize the consumption-savings problem of savers

as a simple one-asset problem with exogenous dividend receipts:

max Z B log(cn)

b
{C’l‘ty t} —0

such that
Gt + b= 14r)byy+di + wil + Tyt

Optimal saver behavior is characterized by the Euler equation

Ot = B+ 1)ty (B.3)

A single representative firm chooses investment to maximize the present value of dividend
payments to savers, discounted at the real rate faced by savers (and so their stochastic

discount factor, to first order). Its problem is

o) t—1
1
max d
{dt,ye,kt,le it} tz: (H 1+ Ts) !

0 s=0
such that
di = Y — i — wly (B-4)
yoo= kil (B.5)
l.t = k't (B6)

where the final relation uses full depreciation of the capital good. From now on I use that,

in equilibrium, ¢, = ¢. Optimal firm investment is characterized by the relation

1+7r, =akd it (B.7)
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and wages satisfy

wy = (1 — )k 07 (B.8)

The government consumes an exogenously determined amount of the final good,

gt = Egt (Bg)

and sets rebates to spenders as

1
Tht = Th + o (B.10)

The scaling factor % is chosen to ensure that the amount of stimulus rebate given to spenders
overall is independent of the mass of spenders in the economy. Expenditure is financed fully

through contemporaneous lump-sum taxation on savers, so

)\Tht + (1 — )\)Trt +9 = 0 (Bll)
Note that, in the notation of Section 2.1, 75,; = %%xt and 7, = —ﬁf'@t. Finally, aggregate
market-clearing dictates that
Y =c+ i+ g (B.13)
where
C = )\Cht + (1 — )\)Crt (B14)

A recursive competitive equilibrium for aggregate prices and quantities {cy, cue, Cpt, 74, Wy, dy,
Y, ki, ie, Gty The, Tre, by} 1s fully characterized by the relations (B.2) - (B.14).

Without loss of generality, and to simplify the algebra, I normalize

which ensures that ¢ = 1 and § = 1/(1 — of). I furthermore, and also for notational
simplicity, assume that steady-state rebates 7, are such that the steady-state consumption

levels of spenders and savers are equalized.
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LOG-LINEAR SOLUTION. It is straightforward to characterize the (log-linear) solution of
this model in closed form. Log-linearizing (B.13), and using (B.9), we get

~ 2 1 2
(1 - Q(ﬁ)ét + Oé/Bkt + 56915 = Oékt_l (B15)
Log-linearizing (B.3) and plugging into (B.7), we get
ért+1 — én = (Oé — 1)];?15 <B16)

Expressing saver consumption in terms of aggregate and spender consumption using (B.14),
solving for spender consumption in terms of the rebate shock and capital using (B.2) and

(B.8), and plugging into (B.16), we get

1 - A

1 1. 1
TG~ 7y

2 N A 2 =
Cl/k't + X€7—t+1) - 1_ )\Ct + 1— )\(akt—l + Xg'rt) = (a - 1)kt (B17)

All other equilibrium objects are immediately determined from the remaining equilibrium
relations, so the equilibrium is fully characterized by (B.15) and (B.17). Plugging (B.15)

into (B.17) to eliminate consumption, we get the single equation

1 a 2 af = A |
1=\ L _&5/% 1 _Odﬁk't-&-l _5gt+1:| 1 (akt + Xfrt-i-l)

1 @ 7 @ z A 2 1 2
-1 L — aﬁktil 1 _iﬁkt - 5gt:| + T (aktl + —eTt> =(a—1)k (B.18)

A A

I solve the model exploiting the well-known equivalence between perfect foresight and first-
order perturbation solutions. I thus treat (B.18) as a second-order expectational difference
equation (replacing all variables dated ¢ + 1 by their expectation), and find its unique stable

solution. To this end conjecture that
]%t = le;;t_l + Wd(€gt + 67—t) (Blg)
Plugging in and matching coefficients, we find that the guess is confirmed,*® with

Qk.:oz

35Tt is straightforward to verify existence and uniqueness of the equilibrium following the arguments in
Blanchard & Kahn (1980) or Sims (2000).
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1—ap
T 1-A1-ap)

Wy

Plugging this back into (B.15), we get

af
1—=X1—ap)

ét = a]%t—l + X (Egt + 57’t) — &gt (BQO)

Demand equivalence follows immediately.

B.3 Estimated HANK model

Much of my analysis builds on an estimated one-asset HANK model, featuring a consumption-
savings problem under imperfect insurance embedded into an otherwise standard medium-
scale DSGE environment. This section provides details on the model, the solution algorithm,
my approach to likelihood-based estimation, and the final parameterization used to generate

the results in Section 4 (as well as the simpler illustration in Section 2.4).

MODEL OUTLINE. The model is a particular variant of the rich baseline environment out-
lined in Section 2.1, consistent with Assumptions 1 and 2 but violating Assumption 3 (strong
wealth effects and imperfectly rigid wages).

Households have separable preferences over consumption and labor,

_ 1+1
77 -1 A

7£ = - )

and discount the future at rate 5. The log-linearized wage-NKPC then takes the form
2w 1z 2 Ly 2
Ty — Ry X |:;€t — (wt — ’)/Ct>:| + 67Tt+1 <B21)

where k,, is a function of model parameters and c; satisfies

) :
= [/ eitciﬂdil (B.22)
0

To facilitate comparison with the standard New Keynesian business-cycle literature, 1 will
throughout replace this virtual consumption aggregate with aggregate consumption ¢;, thus

giving me an entirely standard wage-NKPC (as in Hagedorn et al., 2019); results are, how-
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ever, almost unchanged if T use ¢} instead.’® T furthermore slightly generalize the model of
Section 2.1 to allow for stochastic death with probability &. All households receive identical
lump-sum transfers 7; but are heterogeneous in dividend payment receipts. In particular, I
assume that the most productive households receive larger dividend payments, so that stock
wealth is effectively concentrated among a small share of households.

The intermediate goods production block — in particular the production function y(e),
the investment adjustment cost function ¢(e), and the capacity utilization depreciation rate
d(e) — is set up exactly as in Justiniano et al. (2010). Relative to the model outlined in Sec-
tion 2.1, I omit the transfer shocks, but then add structural shocks to output and investment
productivity, monetary policy, household impatience, and wage mark-ups to complement the
already included government spending shocks. All shocks are assumed to follow simple AR(1)

processes. Finally, for purposes of the model estimation, I assume that

~

’7A'et = —(]_ — p’r) X bt—l (B23)

The endogenous part of transfers is cut in response to increases in ZA)t. For plots of approximate
equivalence results, I let transfer shocks be financed using this rule, and then assume that
government spending shocks are financed using the same (potentially scaled) intertemporal
tax profile, consistent with Assumption 2. The partial equilibrium financing paths of the two
shocks will thus always be the same. Since households spend most of the rebate immediately,

results are very similar if I instead simply use the rule (B.23) for all shocks.

STEADY-STATE CALIBRATION. Solving for the deterministic steady-state of the model
requires specification of several parameters. On the household side, I need to set income
risk and share endowment processes, specify preferences, and choose liquid borrowing limits
as well as the substitutability between different kinds of labor. On the firm side, I need
to specify production and investment technologies, as well as the substitutability between
different kinds of goods. Finally, on the government side, I need to set taxes, transfers,
and total bond supply. Government spending is then backed out residually. My preferred
parameter values and associated calibration targets are displayed in Table B.1.

The first block shows parameter choices on the household side. For income risk, I adopt

the 33-state specification of Kaplan et al. (2018), ported to discrete time. For share endow-

36Using ¢; has the advantage that union wage-setting is not affected by the distributional implications of
the shock. However, since labor is largely demand-determined in the short run, even those distributional
considerations have little effect on equilibrium hours worked.
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Parameter Description Value Target Model Data
Households
Pes T Income Risk - Kaplan et al. (2018) - -
e’ xo0, x1  Dividend Endowment - Nliquid Wealth Shares - -
B Discount Rate 0.97 B/Y 1.04 1.04
rb Average Return 0.01 Annual Rate 0.04 0.04
1 Death Rate 1/180  Average Age 45 45
¥ Preference Curvature 1 Standard
% Labor Supply Elasticity 1 Standard
Cw Labor Substitutability 10 Standard
b Borrowing Limit 0 McKay et al. (2016)
Firms
« Capital Share 0.2 Justiniano et al. (2010)
J Depreciation 0.016  Total Wealth/Y 10.64  10.64
Ep Goods Substitutability — 16.67  Profit Share 0.06 0.06
Government
Ty Labor Tax 0.3 Average Labor Tax 0.30 0.30
/Y Transfer Share 0.05 Transfer Share 0.05 0.05
B/Y Liquid Wealth Supply  1.04 Government Debt/Y 1.04 1.04

Table B.1: HANK model, steady-state calibration.

ments, [ assume that

dit

Xo(el — €P) x dy

. p p
ife, <e

otherwise

where €f, is the permanent component of household i’s labor productivity. I set the cutoff e?

so that the bottom half of households receive no dividends (consistent with the illiquid wealth

distribution in the 2016 SCF), x; so that the top 10 per cent of households receive the same
share of total dividends (and so total illiquid wealth) as in Kaplan et al. (2018), and then back

out o to ensure that fol dydi = d;.*" Next, I set the average return on (liquid) assets in line

37A natural alternative assumption would be to set d;; = dy, as in McKay et al. (2016) or Auclert et al.
(2018). This alternative choice of course changes impulse responses, but has little effect on the accuracy of

the demand equivalence approximation.
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with standard calibrations of business-cycle models. The discount and death rates are then
disciplined through targets on the total amount of liquid wealth as well as average household
age. For my baseline model, I further assume that households cannot borrow. All remaining
parameters are set in line with conventional practice. The second block shows parameter
choices on the firm side. I discipline the Cobb-Douglas production function y = k%'~ by
setting « in line with Justiniano et al. (2010), identify goods substitutability by targeting
the profit share, and finally back out the depreciation rate from my target of total wealth
(and so corporate sector valuation) in the economy as a whole.”® The third block informs
the fiscal side of the model. The average government tax take, transfers, and debt issuance
are all set in line with direct empirical evidence.

Importantly, because household self-insurance is severely limited, the average MPC in
the economy is high, around 28% out of an unexpected 500$ income gain. As a result, the
model can replicate the large (yet gradual) empirically observed consumption response to

income tax rebates, as argued previously in Auclert et al. (2018).

DynaMicS: COMPUTATIONAL DETAILS. I solve the model using a variant of the popular
Reiter method (Reiter, 2009). In particular, I use a mixture of the methods developed in
Ahn et al. (2017) and Bayer & Luetticke (2020) to reduce the dimensionality of the state
space. Without dimensionality reduction, the number of idiosyncratic household-level states
is too large to allow likelihood-based estimation. With dimensionality reduction, the number
of states is reduced to around 300, making estimation feasible.

While the estimation relies on standard state-space methods, my displays of exact and
approximate demand equivalence are instead computed in sequence-space. For the perfect
foresight sequence-space solution I proceed similarly to Boppart et al. (2018) and Auclert
et al. (2019); throughout, I verify that the results are not sensitive to the choice of transition

endpoint T or the step size used to approximate the Jacobians of the linearized system.

DyNnamics: ESTIMATION. With two exceptions, I estimate the remaining model parame-
ters (which exclusively govern dynamics around the deterministic steady state) using stan-
dard likelihood methods, as in An & Schorfheide (2007). The set of observables is: aggregate
output (y), consumption (c¢), investment (), inflation (7), the short-term nominal interest

rate (r}'), and total hours worked (¢). The construction of all series follows Justiniano et al.

38More conventional higher values of a change impulse responses, but do not break demand equivalence.
Similarly, the results also remain accurate with the low value of « entertained in Auclert & Rognlie (2018).
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(2010), and my sample period is 1960:Q1 — 2006:Q4.% Priors are reported in Table B.2.
The first exception is the transfer adjustment parameter p,; since I do not include data
on government debt, this parameter would likely be poorly identified. I thus simply set
pr = 0.85, in line with the VAR evidence documented in Gali et al. (2007) and Appendix D.3.
Second, as it is central to my approximate equivalence results, I directly discipline the degree
of wage stickiness from micro data. Exploiting the standard first-order equivalence of Calvo
price re-sets and Rotemberg adjustment costs, it is easy to show that the slope parameter

of the wage-NKPC (B.21) can be equivalently written as

_ (1 B ﬁ;gbw)(l T ¢w)
’ Gu(Ews + 1)

where 1 — ¢,, is the probability of wage adjustment in the quarter. I set the wage stickiness
parameter consistent with the micro evidence in Grigsby et al. (2019) and Beraja et al. (2019),
giving ¢, = 0.6 — price re-sets every 2.5 quarters. Direct estimation of this parameter would
instead suggest a much larger value, consistent with the findings of Justiniano et al. (2010)
and other estimated New Keynesian models.

The results of the estimation are displayed in Table B.2. Since they are not relevant for
my purposes here, I omit estimates of shock persistence and volatility; some brief remarks
on those follow at the end. I find the posterior mode using the csminwel routine provided
by Chris Sims; for accuracy of the demand equivalence approximation beyond the mode
parameterization of the model, see the discussion in Appendix E.1.%

On the whole, the results are quite consistent with the parameter estimates in Justiniano
et al. (2010). Relative to their rich framework, the two central changes in my model are,
first, the introduction of uninsurable income risk, and second, the absence of habit formation.
The first change ties consumption and income more closely together, while the second leads
to less endogenous persistence and worsens the Barro-King puzzle (Barro & King, 1984).
Jointly, these changes dampen the importance of impatience shocks as a driving force of
consumption fluctuations, but also give a somewhat smaller role for investment efficiency
shocks as a source of cyclical fluctuations. These findings are consistent with the intuition in
Werning (2016) and the estimation results on the no-habit model in Justiniano et al. (2010).

Ultimately, given the similarity in model environment and data sources, the similarity of

39T thank Brian Livingston for help in assembling the data.
40The optimization routine is available at http://sims.princeton.edu/yftp/optimize/.
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Prior Posterior

Parameter Description Density = Mean Std Mode
op Price Calvo Parameter B 0.7 0.10 0.80

¢ Capacity Utilization N 5.00 1.00 4.54
Investment Adjustment Cost N 4.00 1.00 2.40

Prm Taylor Rule Persistence B 0.80 0.20 0.67
O Taylor Rule Inflation N 2.00 0.10 1.95
by Taylor Rule Output N 0.15 0.05 0.05
Ddy Taylor Rule Output Growth N 0.15 0.05 0.30

Table B.2: HANK model, parameters governing dynamics, estimated using conventional
likelihood-based methods. For the priors, N stands for Normal and B for Beta.

the resulting parameter estimates should not come as a surprise. A more serious estimation
exercise on the effects of micro heterogeneity on macro fluctuations would also leverage the

advantages afforded by time series of richer micro data, and is left for future work.

SIMPLIFIED MODEL. The simplified HANK model considered for the illustration in Sec-
tion 2.4 is identical to the estimated model except for one change: I set ¢, = 1. As a result,

demand equivalence holds exactly.

B.4 Two-asset model

In this section I describe the two-asset HANK model discussed in Section 4.3. The results

from the approximate demand equivalence check are reported in Appendix E.4.

MODEL SKETCH. Households invest in an illiquid asset with real return " and a liquid
h 1+4h )

7o - Lhe household consumption-savings

asset with real return 7" — k;, where 1 + 1l =

problem then is

max Eqy
{Cit 7bZ 7('1?,5}

Z ﬁfU(Cit, gz’t)]
t=0

such that

1+l
1+7Tt

h
— rp| O +Ma’? + polal,al 13 Ge) +
b| Yit—1 1+ it—1 a\%its Wit—1y St it

Cit + bﬁ + QZ = (1 — m)weiliy + [
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and
b, >b, al>a

where ¢, (e, ®; () is the adjustment cost function for illiquid asset holdings. Similar to Bayer
et al. (2019), T assume that a randomly chosen fraction n of households can freely adjust
their illiquid wealth holdings (¢ = 1), while the remaining households cannot adjust (¢ = 0).

The adjustment cost function can then be written as

0 if¢=1
oo if¢=0

¢a(a/7 a) =

Returns in the economy are determined as follows. Both liquid and illiquid assets are issued
by a mutual fund, which in turn owns all government debt and all claims to corporate
profits in the economy. Let w; = b + b/ + a denote total funds managed by the mutual
fund. Returns earned by the mutual fund ¢;* then satisfy

1+, 1+ib

1 X = b, d
Wi—1 T+ t11+7rt+(t+vt)

where v, denotes the value of the corporate sector, which by arbitrage satisfies

1+Zg_1 _Ut+dt

I+m (]

except possibly at ¢ = 0. I assume that the mutual fund is competitive, and faces interme-

diation costs k; to make assets liquid. It follows immediately that we must have i = .

14ib_, .
T which

. The only

The rest of the economy is unchanged; in particular, firms still discount at
IS L
14m 14w

in the absence of aggregate risk is equivalent to discounting at

change to Definition 2 is the new asset market-clearing condition:
b+ bl +al = b + v

PARAMETERIZATION. For simplicity, I keep all parameters governing dynamics identical
to the estimated one-asset HANK model, and only re-calibrate the steady state. Table B.3
displays all parameters from the re-calibrated 2-asset model that are different from those
displayed in Table B.1 for the benchmark one-asset model.

To provide a stringent test of the demand equivalence approximation, I set the wedge
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Parameter Description Value Target Model Data
Households

n Probability of Adjustment 0.15 AJY 9.70 10.64
6] Discount Rate 0.98 B/Y 1.28 1.04
rh Return 0.015  Upper Bound
Kp Liquid Wedge 0.0125 Upper Bound

Firms
) Depreciation 0.025  Firm Valuation

Table B.3: 2-asset HANK model, steady-state calibration.

between returns on household deposits and government debt to be an (arguably implau-
sible) 1.25 per cent per quarter. Given this large difference, I then choose the adjustment

probability n to ensure a reasonable fit to total liquid and illiquid wealth in the U.S. economy.

B.5 Extension to multiple sectors

In this section I extend the baseline estimated HANK to feature multiple sectors, producing
different consumption goods as well as a separate investment good. The results from the

corresponding approximate demand equivalence check are reported in Appendix E.6.

MODEL SKETCH. The extended model departs from my one-sector baseline in the following
ways. First, it features three goods — two consumption goods and an investment good.
Households have preferences over a consumption basket c;;, which is given as a mix of the

two individual consumption goods:
v l1-v
Cit = Ci1iCiat

I let the ideal price index of the consumption bundle be the numeraire of my economy,
and denote the relative prices of two consumption goods by ¢; and ¢o;. Investment is only
possible using the economy’s investment good, whose real relative price is denoted qj;. The
government purchases each of the three goods, with potentially different spending multipliers
for each, and the monetary authority responds to changes in consumer price inflation.

Second, total household labor supply % is an aggregator of labor supply for each of the
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three goods in the economy:

_e
Pt ptup etu | ot+n

=67 +07 4,7

i1 = 0 corresponds to perfect labor mobility across the sectors, while u = 1 corresponds
to perfect immobility, with all labor types entering separately into my particular choice of
household utility functions. For each type of labor, labor supply is intermediated by a unit
continuum of sticky-wage unions. Optimal union behavior then gives the three log-linearized

wage-NKPCs; proceeding as in Appendix B.3, we find

2 g = 2 1—ps = 2
Wt = mwmt—i—l — Ry |Wmt — 76? + ;gmt — V¢
1 .

- T+
1+8" " 1+7

2 I -
Tl + mwmt—l

for m = 1,2, I. Note that, with g = 0 (i.e., perfect labor mobility), wages in all sectors are
at all times equalized. Overall, household ¢ then receives ejwif; worth of labor earnings,
where wy is the aggregated wage index.

Third, there are separate production sectors for each of the three goods. Briefly, I simply
repeat the production sector of the estimated 1-asset HANK model three times, but with
good-specific final prices ¢,,; and potentially heterogeneous capital shares «,,. All three
sectors then purchase capital goods at price g, hire labor at cost w,,;, and sell their own

good at real price @.

PARAMETERIZATION. [ build on the parameterization of the estimated HANK model of
Section 4, with one notable difference: a smaller degree of nominal price rigidities. In the
model, the probability of price re-sets governs relative price movements after a demand shock
for a specific good. I have included measures of relative prices in my VARs and find little
response, similar to Nakamura & Steinsson (2014); however, Ramey & Shapiro (1998) show
that, after large government spending shocks that move output by almost 4 per cent, relative
prices move by 2.5 per cent.*! To be conservative, I choose a model calibration with ¢, = 0.6,
giving relative price responses consistent with this evidence.

Next, I set p = 1 (i.e., fully sector-specific labor). I set the average capital share & =

41For my VAR analysis, I follow Ramey & Shapiro (1998) and — in a VAR with military spending forecast
errors — include a measure of the relative price of manufacturing goods.
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al% + ag% + a;% = 0.2 (as in my baseline model), and then set relative labor shares as
in Alonso (2017, Table 3.3), giving a; = 0.48, as = 0.04, a; = 0.17. Finally, the fraction of
labor in each of the three sectors is set so that their relative sizes are also data-consistent;
again following Alonso (2017), this gives 41/y = 0.29, 42 /y = 0.48 y3/y = 0.23.

B.6 Extension to weak wealth effects

In this section I describe a variant of the estimated HANK model without unions, but with
weak wealth effects in labor supply. The results from the corresponding approximate demand

equivalence check are reported in Appendix E.3.

MODEL SKETCH. [ make three changes to the baseline model. First, the economy is now
populated by a double unit continuum of households — a unit continuum of families f € [0, 1],
and a unit continuum of households i € [0, 1] for each f. Each family is a replica of the unit
continuum of households in the benchmark model, but shock exposures may be heterogeneous
across families. I will explain the purpose of this artificial construction momentarily. Second,
there are no unions — each household decides on its own labor supply. Third, I change
household preferences. Similar to Jaimovich & Rebelo (2009) and Gali et al. (2012), I

assume that

-1 €1+é

ift ift

upe(Cipes lige) = {_—7 - Xeiftl_};_—l
@

where the preference shifter 6, satisfies*
Oip1 = x}t X cz_fz

The variable z, is central. To jointly ensure (i) arbitrarily weak short-run wealth effects
in labor supply, (ii) homogeneous wealth effects in the cross section of households (both
consistent with the estimates in Cesarini et al. (2017)), and (iii) direct earnings responses

showing up in cross-sectional regressions, I assume that
o l—w % w
Tft = Tpp g X Cpy

This preference specification is the simplest design with all three desired properties. First,

by varying the parameter w, I can control the strength of short-term wealth effects, exactly

42Households do not internalize the effect of their consumption on the shifter.
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as in Gali et al. (2012). With w = 0 wealth effects are 0, and so Assumption 3 is satisfied.

Second, solving for optimal household labor supply decisions, we get

1

Xff}t = wizy, (B.24)

If all “families” are equally affected by the shock, then everyone’s labor supply is identical,
giving the desired homogeneity. Thus, for the first two requirements, the family construction
is not necessary — we could simply replace cy; by ¢, giving the natural heterogeneous-agent
analogue of the preferences in Gali et al. (2012). But third, with heterogeneous family-level
shock exposures, cross-sectional regressions as in Proposition 3 will pick up direct earnings
responses.*® In particular, let £" = £"(w,c) denote the mapping from wages and family

consumption into family labor supply induced by (B.24). The micro regression estimand in

(13) then satisfies
h —1
el? = (1 - % X %) X (% : dr) (B.25)

For my accuracy checks, I simply match this regression estimand with an identical expansion

in aggregate government spending.

PARAMETERIZATION. The parameters related to the sticky-wage block of the baseline
model are irrelevant for this model variant; all other parameters are set exactly as be-
fore. Finally, the single new model parameter is w. To ensure consistency with empirical
evidence, I set w = 0.043. As in Cesarini et al. (2017), this specification results in a peak
measured cross-sectional (partial equilibrium) labor supply response of around 4$ for every

100$ response in consumption.

431 could have used a similar family construction for the union model. Without changes in preferences,
however, this model would be inconsistent with empirical evidence on the weakness of wealth effects.
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C Further results on demand equivalence

This appendix collects several supplementary results to my discussions of exact consumption
and investment demand equivalence. In Appendix C.1 I show that my arguments apply with-
out change to perturbations around arbitrary transition paths. Appendices C.2 and C.3 then
emphasize the generality of consumption demand equivalence by considering a larger family
of shocks and models, and in Appendix C.4 I illustrate the range of general equilibrium out-
comes consistent with exact equivalence. Appendix C.5 then shows that, instead of ignoring
the labor supply channel, researchers can use a generalized variant of my methodology to
explicitly account for it. Finally, in Appendix C.6, I argue that many popular structural

models of investment are nested by the investment demand equivalence result.

C.1 General transition paths

All equivalence results in this paper are stated for transition paths starting at the determin-
istic steady state. However, it is immediate from the proof of Proposition 2 (and similarly
that of Proposition A.1) that nothing in my logic hinges on the starting point. Intuitively,
the crucial restriction in my arguments is that they are valid to first order, but not that they
only apply to particular expansion points. All results can thus equivalently be interpreted as
applying to first-order perturbation solutions around a given (deterministic) transition path.

For example, initial states pu, /L{; , w_1 and p_; could be such that the economy is in a
deep recession or brisk expansion. My equivalence results would then apply to deviations
from the unshocked transition path of the economy back to steady state. These deviations
need not agree with impulse responses at steady state, but they remain tied together across
different kinds of demand shocks.

C.2 Generic consumption demand shifters

Consumption demand equivalence extends without change to generic shifters of consumption
demand. To establish this claim, I augment the baseline model to feature fluctuations in
household patience as a simple reduced-form stand-in for various more plausibly structural
shocks to household spending (e.g. changes in borrowing constraints, redistribution, ... ).

The discount factor of every household is now subject to an additional common shifter
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(¢, with ¢ = ((e,), giving preferences as

Eo

Zﬁ Glew)ulcsn, ¢ )] (C.1)

For equivalence of private demand shocks v and public spending shocks g I need to slightly

modify my assumption on fiscal financing:

Assumption 2’. Households and government borrow and lend at the same interest rate.
The path of taxes and transfers used to finance a given public expenditure shock €, or g,
depends only on the present value of the expenditure, not its time path. A spending path with

zero net present value is purely deficit-financed, and so elicits no direct tazx response.

Note that impatience shocks — shocks that just shift the intertemporal profile of private
consumption spending — have zero net present value. As a result, the analogous government
spending change also has zero net present value, and so need not be financed through any
change in taxes or transfers. Assumption 2’ formally states the required restriction. The

proof of Proposition 2 then applies without change to give

N ~PE N
C, == C, + Cg (02)
~~~ ~~
PE response = GE feedback

C.3 Exact equivalence beyond the baseline model

My proof of consumption demand equivalence applies to any model that satisfies the set
of semi-structural exclusion restrictions characterized in Section 2.5. This section briefly

discusses several prominent examples of such models.

DURABLES. [ extend the household consumption-savings problem to feature durable and

non-durable consumption:

max Eo

{Clt7d1t7bh

Z Biu(cir, dfy, git)] (C.3)
=0

such that

L+ (b)),

1+ bzt 1+ (1 - 5>dz‘/71 + Tie + dig + ¢d(d§§t*17 dZs)

Cit + d + bu, = (1 — m)weeilyy +
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and

bie > b—(1—0)dy

where ¢4(e) is the durables adjustment cost function, 1 — 6 is the share of durable holdings
that can be collateralized, and — in a slight abuse of notation — I only use the superscript h
to distinguish between household durables consumption d?. and dividend receipts d;;. Note
that this specification allows for all of the bells and whistles considered in quantitative
studies of durable and non-durable consumption (Barsky et al., 2007; Berger & Vavra, 2015):
Households have potentially non-separable preferences over ¢ and d”, adjustments in durables
may incur additional costs, and households can borrow against their durable goods holdings.

Crucially, I assume that the common final good y; can be costlessly turned into the

durable good dl', so that the aggregate resource constraint becomes

yt:§t+d?_(1_5)dg+it+gt

where e; is aggregate household expenditure. The equilibrium definition in Appendix B.1
thus generalizes straightforwardly, with aggregate household expenditure now replacing pure
(non-durable) consumption expenditure. Defining a PE-GE decomposition for total house-
hold expenditure as in Definition 1, we can easily show that the demand equivalence result

still applies, now for the aggregated household expenditure path e:

Corollary C.1. Consider the structural model of Section 2.1, extended to feature durable
goods, as in Problem (C.3). Suppose that, for each one-time shock {t, g}, the equilibrium

transition path exists and is unique. Then, under Assumptions 1 to 3, the response of
PE

T

consumption to a tax rebate shock T and to a government spending shock g with g, = €

satisfy, to first order,

~ ~PE ~
eT == e‘r + eg (C4)
~— ~—
PE response = GE feedback

As argued in Beraja & Wolf (2020), consumption dynamics in models with durables gen-
erally look very different from those in models with only non-durable consumption. Corol-
lary C.1 reveals, however, that this change in aggregate outcomes is completely orthogonal

to demand equivalence.

PREFERENCES. My baseline structural model assumes time separability in household pref-

erences. It is, however, immediate that general forms of time non-separability are similarly
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nested: Aslong as the consumption block of the model admits aggregation to some aggregate
consumption function c(e), the equivalence proof goes through unchanged. My approximate
equivalence results for the model of Justiniano et al. (2010) — with habit formation as a very

simple form of non-separability — illustrate this claim.

VALUED GOVERNMENT SPENDING. In my baseline model, households do not value govern-
ment expenditure. However, it is immediate from my general characterization of consumption
demand equivalence that this assumption is stronger than necessary — the key restriction is
that the aggregate consumption function c(e) does not directly depend on government con-
sumption. Possible sufficient conditions are (i) government spending entering the per-period

felicity function in an additively separable fashion,

u(c,?,g) = u(c,l) +v(g)

or (ii) a CES preference specification

[0 + (L gy -1
1—7 X + i’

u(e,t, g) =
with p = .

EXPECTATION FORMATION. All of the models considered in this paper impose rational ex-
pectation formation for households and firms. A simple alternative is the sticky information
structure in Auclert et al. (2019). It follows from Figure D.2 of that paper — the directed
acylic graph representation of the model — that consumption and investment blocks under
sticky information still admit aggregation to consumption and investment functions c(e) and

i(e), respectively, and so all equivalence results apply unchanged.!

C.4 Range of outcomes for the “missing intercept”

Proposition 2 asserts that private and public spending shocks induce the same general equi-

librium effects, but is silent on the strength of this common general equilibrium feedback.

44Gpecifically, aggregate consumption can be obtained as a function of the paths of post-tax income as
well as (liquid and illiquid) returns (also see their Equation (25)), while investment can be obtained as a
function of returns, wages, and aggregate output, similar to the characterization in Lemma A.1.
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In this section I give two extreme examples, one with full general equilibrium crowding-out,
and one with strong general equilibrium amplification.

The first example is a variant of the baseline model of Section 2.1, restricted to feature
flexible prices and wages, labor-only production, and household preferences as in Greenwood
et al. (1988). In this model, an income tax rebate does not move aggregate output, con-
sumption, or labor. The argument is well-known and straightforward: Given a rebate path
T, consider an interest rate path r such that, at (7, 1) and facing steady-state wages forever,
households are willing to consume steady-state consumption ¢ forever. But then the output
and labor markets clear by construction, and so we have indeed found an equilibrium. Thus,
in this model, interest rate feedback fully crowds out any partial equilibrium perturbations
to consumption demand.

The second example is quantitative. I consider the estimated New Keynesian business-
cycle model of Justiniano et al. (2010), but now assume that preferences are as in Greenwood
et al. (1988). It is immediate that this model satisfies all assumptions in Section 2.4, and so

exact demand equivalence holds.

DEMAND EQUIVALENCE, GHH IN JUSTINIANO ET AL. (2010)

Transfer Gov’t Spending
257 2571
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Figure C.1: Consumption impulse response decompositions after equally large, one-off impatience
and government spending shocks in the model of Justiniano et al. (2010) with GHH preferences. The
direct response and the indirect general equilibrium feedback are computed following Definition 1.

Given strong complementarities in consumption and labor supply, the extra production

induced by the demand shock will lead to yet more consumption demand, setting in motion
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a strong general equilibrium feedback cycle (see Auclert & Rognlie, 2017, for an analytical

characterization). Results are displayed in Figure C.1.

C.5 Correcting for wealth effects in labor supply

Instead of ignoring the labor supply error term in Proposition 2, a possible alternative is to
~PE

first estimate the direct partial equilibrium labor supply response £; from micro data and

then estimate the aggregate consumption effects of an equivalent household “leisure” shock,

consistent with the decomposition in Proposition 4.

GENERALIZED METHODOLOGY. Let ¢, denote the impulse response of aggregate consump-
tion to a leisure shock — a labor wedge €, that changes desired household labor supply by
ZdPE. Using the equilibrium construction of Lemma A.1, it is straightforward to see that such
a shock has no other direct partial equilibrium effect. It is thus immediate that, under the

assumptions of Proposition 4 (i.e., without imposing Assumption 3), we have
¢a= ¢y + ¢+ ¢y

In practice, ¢, is presumably not available, since there is no good evidence (to the best of
my knowledge) on the aggregate effects of pure shocks to the labor wedge. Instead, the best
related evidence is on changes in labor income taxes (Mertens & Ravn, 2013). Estimates of
the consumption response to labor income tax changes are likely to be informative about
¢y, but have two problems. First, to translate the size of the tax change into a partial
equilibrium change in labor supply sz, we need an estimate of the Frisch elasticity of
labor supply. Second, the tax may generate revenue, which could be used to finance greater

government spending or reduce future tax burdens.

RESULTS. Direct micro estimates (Cesarini et al., 2017; Fagereng et al., 2018) suggest that,
for every 100$ consumption spending response to a one-off unexpected income receipt, total
labor income very briefly dips by around 4$. For the income tax rebate studied by Parker
et al. (2013), partial equilibrium consumption spending increased by around 1.5%. Assuming
that consumption spending roughly equals labor income, the direct labor supply response
ZjE thus equals around 0.06% on impact, and little thereafter.

For example, assuming a unit aggregate Frisch elasticity of labor supply, a labor supply

drop of this magnitude would correspond to a transitory labor income tax increase of 0.06
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percentage points. According to the point estimates of Mertens & Ravn, such a transitory tax
hike in turn induces a general equilibrium drop of consumption of around 0.07%. Abstracting
from the effects of future tax adjustments associated with the tax hike today, we would thus
subtract around 0.07% from the benchmark estimates of the impact consumption response

in Figure 4 — a hardly relevant adjustment.

C.6 Nested models for investment demand equivalence

Exact investment demand equivalence holds in the popular structural models of Khan &
Thomas (2008), Khan & Thomas (2013), Winberry (2018), and Bloom et al. (2018). I verify
this claim by checking that each of the assumptions necessary for the result is in fact satisfied.

First, in all of those models, capital adjustment costs are internal to the firm, so As-
sumption A.1 holds. Second, each model is closed with a simple representative household
with linear labor disutility, so Assumptions A.2 and A.3 hold. Finally, since none of these

models feature nominal rigidities, Assumption A .4 is irrelevant.*’

45Well-known heterogeneous-firm models with nominal rigidities include Ottonello & Winberry (2018) and
Koby & Wolf (2020). In both cases Assumption A.4 is satisfied.
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D Empirical appendix

This appendix provides additional details on the empirical results needed to implement my
two-step methodology. Appendix D.1 discusses estimates of the direct (partial equilibrium)
consumption response to income tax rebates, Appendix D.2 does the same for investment tax
credits, and Appendix D.3 offers supplemental information on my VAR-based identification
of government spending shock transmission. Finally, in Appendix D.4, I briefly discuss how

to account for joint estimation uncertainty in micro and macro estimators.

D.1 Direct response: micro consumption elasticities

Proposition 3 shows that, with truly exogenous cross-sectional heterogeneity in shock expo-
sure, micro difference-in-differences regressions estimate direct partial equilibrium responses.
In the empirical analysis of Johnson et al. (2006) and Parker et al. (2013), matters are slightly
more subtle — all households are exposed to the shock, but exposure differs over time for
exogenous reasons. Building on Kaplan & Violante (2014), I here discuss how to interpret

their regression estimands. Parker et al. estimate a differenced version of (13):
Ac;; = time fixed effects + controls + BgESP;; + S1ESPy_1 + i (D.1)

where ESP; is the dollar amount of the rebate receipt at time £. To establish that the
regression estimands are interpretable as M PCy o and M PC4 o — M PCy, respectively, con-
sider again the structural model of Section 2.1, and suppose — roughly in line with the actual
policy experiment (see Kaplan & Violante, 2014) — that a randomly selected fraction w of
households receive a lump-sum rebate at t = 0 (¢, = 1), and that the remaining households

receive the same rebate at t =1 (e, = 1). The model analogue of regression (D.1) is then
Acy = oa¢ + Bocrit + Preriv—1 +uy, t=0,1 (D.2)

Now suppose additionally that receipt of the rebate is a surprise for all households; in par-

ticular, it is a surprise at ¢ = 1 for households who receive the delayed check.*® We can then

46However, note that I still assume that the aggregate perfect foresight transition path is perfectly an-
ticipated by all households; in that case, aggregate general equilibrium feedback is still differenced out. I
discuss below what happens if the transition path and all individual rebates are anticipated by households.
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follow exactly the same steps as in the proof of Proposition 3 to show that, to first order,

ﬁO = MPCO,O
ﬁl - MPCLO—MPCQ,O

Of course, as emphasized by Kaplan & Violante (2014), it may be dubious to assume
that the delayed check was a surprise to all households. If instead the delayed check was
perfectly anticipated, then the regression estimands are 5y = M PCyo — MPCy; and 31 =
MPC, o—MPC,, where MPCy = fol g%’fdi is the response of consumption at t to a rebate
received at t = 1, but anticipated at t = 0. Encouragingly, at least in my estimated HANK
model, M PCyo and M PC,; are quite similar, and M PCj; is relatively small (similar to
Auclert et al. (2018)). Thus, even if the rebate was partially anticipated, the approximation
underlying my estimate of the direct response in Figure 3 is likely to be accurate.

The analysis in Section 3.2 relies on the estimates of Parker et al. (2013). Since their
lagged spending estimates are not significant, I base my direct spending path on the signif-
icant impact spending response in their Table 3, consistent with the headline presentation
of their results in the introduction. My conclusions are, however, quite similar if the impact

and delayed spending responses are evaluated at the point estimates in their Table 5.

D.2 Direct response: micro investment elasticities

Koby & Wolf (2020) generalize the static analysis of Zwick & Mahon (2017) and estimate

dynamic projection regressions of the form
’zjt+h = a; + 0 + Bgn X Zn(j)e + Wjt (D.3)

where z,j), is the size of the bonus depreciation investment stimulus for industry n(j) of
firm j. We estimate this regression on a quarterly Compustat sample spanning the years
1993-2017; this sample period features the two bonus depreciation episodes of 2001-2004
and 2008-2010, exactly as in Zwick & Mahon (2017). We then give sufficient conditions
under which the estimands {f,;} are interpretable as the direct partial equilibrium response
of investment to a one-time bonus depreciation stimulus.

Given the estimated partial equilibrium path {%f;E }3_o, I recover the full partial equilib-
rium investment response by fitting a single Gaussian basis function, exactly as in Barnichon

& Matthes (2018). It then remains to construct the corresponding output path yf; E which
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requires parameter choices («a, v, ). To construct Figure 7 Iset a = 0.2, v = 1 and § = 0.016,
in line with standard modeling practice in general and my estimated HANK model in par-

ticular.

D.3 The missing intercept: VAR estimation

My analysis of government spending shocks closely follows the important contributions of
Perotti (2007) and Ramey (2011), both in terms of data and in terms of model specifica-
tion. I construct the government spending forecast errors exactly as Ramey (2011). I then
treat these forecast errors as a valid external instrument for structural government spending

shocks; formally I assume the following:

Assumption D.1. Suppose that an econometrician observes time series of macroeconomic
aggregates y; and professional forecast errors of real federal spending z;, where the residualized

forecast error Z, = zp — B (2¢ | {ze—e, ye—0}72,) satisfies

E(Z -eq) #0, E(Z -€ju) =0 forall (j,u) # (g,t) (D.4)

Then, following Plagborg-Mgller & Wolf (2019), I study the transmission from forecast
error to macro aggregates by ordering the error first in a recursive VAR. Under Assump-

tion D.1, this strategy will consistently estimate the desired structural impulse responses.

Proposition D.1. (Plagborg-Moller & Wolf, 2019) Suppose that the researcher estimates a
VAR in (2, y:), where y; is a vector of observed macroeconomic aggregates and z; satisfies
Assumption D.1. Let 8, denote the vector of impulse responses of y to the first shock in a

recursive SVAR. Then the ordinary least-squares estimand of 8, satisfies
0, = constant x y, (D.5)

where the constant term is a scalar, independent of the individual response variable in y or

the impulse response horizon.
DATA. My benchmark VAR consists of the log real per capita quantities of total govern-

ment spending, total output (GDP), total (non-durable, durable and services) consumption,

private fixed investment, total hours worked, and a measure of the federal average marginal

81



tax rate (Alexander & Seater, 2009).*7. All variables are defined and measured as in Ramey
(2011). As further robustness checks, I also consider VARs with (i) total tax revenue in lieu
of the marginal tax rate (following Caldara & Kamps, 2017), (ii) Greenbook defense spending
forecast errors in lieu of professional forecaster errors (following Drautzburg, 2016),% and

(iii) a log per capita measure of total federal debt.*’

ESTIMATION DETAILS. I estimate all VARs in levels, with a quadratic time trend and four
lags. The lag length selection is informed by standard information criteria, and is also consis-
tent with the recommendation of Ramey (2016) in the postscript to her handbook chapter.
For estimation of the model, I use a uniform-normal-inverse-Wishart distribution over the
orthogonal reduced-form parameterization (Arias et al., 2018). Throughout, I display confi-

dence bands constructed through 10,000 draws from the model’s posterior.

BENCHMARK RESULTS. Figure D.1 shows the impulse responses of government spending,
output, consumption, investment, the marginal tax rate and total federal debt.

As in most existing structural VAR work, I construct 16th and 84th percentile confidence
bands; the output and tax responses, however, remain significant at the more conventional
95 per cent level. In line with most of the previous literature I find a significant positive
output response (corresponding to around a unit multiplier), and a largely flat reaction of
consumption. Total debt rises immediately and significantly, suggesting that the government
spending expansion is debt-financed. In fact, I also find a delayed and persistent increase in

labor income taxes, as well as a similarly timed increase in total tax revenues (not shown).

ROBUSTNESS. My central results — the 1-1 increase in output and the limited crowding-out
of private expenditure — are robust to various changes in model specification. First, I have
experimented with different sub-samples. Starting earlier (1971Q1) means that I need to

link forecasts on real federal spending (available after 1981) to earlier forecasts of military

4TThe tax measure of Barro & Redlick (2011) includes state income taxes; given my focus on federal
expenditure, I regard the Alexander & Seater series as more suitable for my purposes.

48For demand matching I need to re-scale public and private demand shocks to be in common dollar
(and not percentage) terms. This is easily done using information on the GDP shares of consumption,
investment, and government consumption plus investment. I take those data from FRED, and then simply
compute averages for the different shares across the VAR sample period.

49T construct this series by scaling the total federal debt-to-output ratio (GFDEGDQ188S in the St. Louis
Fed’s FRED database) by my per capital real output measure. Given the short sample, the VAR with debt
drops hours worked as an additional control.
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BENCHMARK GOVERNMENT SPENDING SHOCK, VAR IRFSs
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Figure D.1: Impulse responses after a one standard deviation innovation to the forecast error,
quarterly frequency. The grey areas correspond to 16th and 84th percentile confidence bands, con-
structed using 10,000 draws from the posterior distribution of the reduced-form VAR parameters.

spending, as in Ramey (2011). Depending on the set of included controls, the undershooting
of consumption and investment is, in this earlier sample, usually more pronounced (similar
to Ramey, 2011). However, the undershooting then goes hand-in-hand with a similar un-
dershooting of spending itself, invalidating the required demand matching.”® Continuing the
sample to 2016Q4 means that I need to stop controlling for taxes, as my available measures
only continue until 2009. Results in this expanded sample suggest that crowding-in is slightly
stronger, consistent with standard intuition on zero lower bound constraints. The results
are, however, not particularly robust, similar to the findings in Ramey & Zubairy (2018) and
Debortoli et al. (2019).°! Second, replacing my benchmark measure of government spending

forecast errors with Greenbook defense spending forecast errors leaves my results almost

5ONote, however, that — unlike the impact co-movement of fiscal spending and output — the dynamic
under-shooting of consumption and output is not statistically significant at the 95 per cent level. It is also
somewhat dependent on the set of controls; for example, with most controls dropped, I instead find (again
largely insignificant) over-shooting.

51T have also allowed the aggregate effects of spending shocks to be heterogeneous across expansions and
recessions, through a local projection implementation identical to Ramey & Zubairy (2018). Similar to those
authors, I find no evidence of such state dependence.
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completely unchanged. This suggests that either (i) the benchmark VAR itself is largely
picking up the response to military spending forecast errors or (ii) multipliers are invariant
to the spending type (similar to Gechert (2015)). Third, changes in the number of lags or
included controls do not affect the overall flavor of my results. And fourth, frequentist in-
ference (or a flat prior) gives almost identical impulse response estimates to those displayed

in Figure D.1 above.

ALTERNATIVE IDENTIFICATION. Following Blanchard & Perotti (2002), I consider a second
approach to the analysis of government spending shock propagation. I estimate the same
benchmark VAR as before, but now consider the dynamic propagation of an innovation
to the equation for government spending g; itself, rather than for its forecast error. This
identification scheme is identical to the original approach of Blanchard & Perotti (2002),
except for the fact that I now control implicitly for past government spending forecast errors.

Similar to Caldara & Kamps (2017), I find that this alternative identification scheme iden-
tifies a government spending shock with a more persistent response of government spending
itself. Qualitatively, the responses of other macroeconomic aggregates — in particular output,
consumption and investment — look similar to those for my benchmark identification. Impor-
tantly, because both sets of impulse responses are identified in the same reduced-form VAR,
I can easily account for joint uncertainty by drawing from the posterior of that reduced-form
VAR, rotating forecast residuals in line with either my benchmark or the Blanchard-Perotti

identification scheme, and then finding the best fit to net demand paths following (22).

D.4 Joint Uncertainty

I throughout ignore estimation uncertainty for the first-step cross-sectional estimates. This
approach is in line with standard empirical practice, which largely takes microeconomic
point estimates of household MPCs and investment price elasticities at face value (e.g. Ka-
plan & Violante, 2014; Auclert et al., 2018; Koby & Wolf, 2020). In principle, however,
it is straightforward to account for joint estimation uncertainty: Under my identifying as-
sumptions, microeconomic and macroeconomic estimation uncertainty are independent, so
sampling uncertainty for the micro and macro estimators is independent. Joint standard
errors can thus be straightforwardly constructed from the individual standard errors of the

micro and macro estimators. The detailed argument is available upon request.
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E Approximation accuracy

In this section I gauge the robustness of my empirical methodology by applying it to artificial
data generated from structural models that violate exact demand equivalence. Appendix E.1
begins with the baseline HANK model, but randomly draws parameters (rather than estimat-
ing them). Appendix E.2 then considers other canonical estimated business-cycle models,
while Appendices E.3 to E.6 extend the baseline model to accommodate different kinds of
plausible deviations from exact equivalence. Finally, in Appendix E.7, I construct my ap-
proximation under the assumption that the demand matching in (15) is not exact. Through-
out I construct the population estimands of my methodology, effectively assuming that the

econometrician has access to infinitely large cross-sectional and time-series samples.

E.1 Random parameter draws

The accuracy displayed in Figure 5 is not special to the particular (mode) parameterization
of my estimated model, but a generic feature of standard business-cycle models with at least
moderate wage and price stickiness. To illustrate this point, I proceed as follows: Rather
than setting the parameter values governing dynamics as in Table B.2, I randomly draw
their values from uninformative uniform distributions over wide supports, as displayed in
Table E.1. For each parameter draw, I compute the maximal demand equivalence error
relative to the true model-implied peak consumption response. This procedure is repeated

for 10,000 draws from the joint uniform distributions in Table E.1.

Parameter Description Lower Bound Upper Bound

b Price Calvo Parameter 0.15 0.95
¢ Capacity Utilization 0.5 D

K Investment Adjustment Cost 0.5 5

Prm Taylor Rule Persistence 0.15 0.95
O Taylor Rule Inflation 1.1 2.5
Oy Taylor Rule Output 0 0.5
Dy Taylor Rule Output Growth 0 0.5

Table E.1: Supports for uniform parameter draws in the HANK model.
I find that the approximation accuracy is largely orthogonal to all parameters except for
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the price stickiness ¢,. Figure E.1 provides a graphical illustration. The grey line shows a
kernel density estimate of the error distribution when all parameters except for ¢, are drawn
randomly. It is clear that the estimated parameters have little effect on approximation
accuracy — most mass of the error distribution is concentrated around the error estimate at
the posterior mode. If ¢, is also drawn randomly, then larger errors are more likely; however,
given my calibrated moderate degree of wage rigidity, shifts in household labor supply still

have limited aggregate effects, and so the maximal error remains relatively small.

DEMAND EQUIVALENCE ERROR DISTRIBUTION, RANDOM DRAWS
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Figure E.1: Kernel estimate of maximal error distribution, with parameters drawn randomly
according to Table E.1 (orange). The grey lines show the same kernel density estimate when ¢, is
fixed at its estimated posterior mode.

E.2 Other estimated business-cycle models

Approximate consumption demand equivalence is not just a feature of my estimated HANK
model, but similarly holds in many canonical models of the previous business-cycle literature.
In this section I illustrate this claim with two examples: (i) Justiniano et al. (2010) as an

example of an estimated New Keynesian model, and (ii) Schmitt-Grohé & Uribe (2012) as
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an example of an estimated neoclassical business-cycle model.

JUSTINIANO ET AL. (2010). In the estimated model of Justiniano et al. (2010), consump-
tion demand equivalence fails only because Assumption 3 is not satisfied: wealth effects in
labor supply are not zero, and hours worked are not fully demand-determined. However,
prices and wages are estimated to be very sticky, and so — consistent with Christiano (2011a)
— hours worked are still largely demand-determined, at least in the short run. Figure E.2
shows that this is indeed the case: For a consumption demand (impatience) shock with
persistence p, = 0.1 (and thus short-lived, similar to the tax rebate in my baseline HANK

model), the error associated with the demand equivalence approximation is barely visible.

APPROXIMATE DEMAND EQUIVALENCE, JUSTINIANO ET AL. (2010)
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Figure E.2: Consumption impulse response decompositions and demand equivalence approxima-
tion in the model of Justiniano et al. (2010), solved at the posterior mode and for an impatience
shock with persistence p, = 0.1. The direct response and the indirect general equilibrium feedback
are computed following Definition 1.

SCHMITT-GROHE & URIBE (2012). The model of Schmitt-Grohé & Uribe (2012) similarly
breaks consumption demand equivalence only through violation of Assumption 3. Wages
and prices are now flexible, so labor is never demand-determined; however, near-exact de-
mand equivalence still obtains because wealth effects in labor supply are essentially absent.

Adapted to the notation of this paper, household preferences are given as



where

0
Ve = Ct — th_l — 1/’@ St

and

s = (¢ — bct,l)vs,}:f

As vy — 0, there are no wealth effects in labor supply. Since both the Bayesian and frequentist
estimation exercises in the paper give a very precise point estimate of v = 0 (see Table II),

I conclude that Assumption 3 holds almost exactly.

E.3 Labor supply

In the model of Appendix B.6, households are always on their labor supply curve, but
preferences are non-standard, modified to feature data-consistent small short-term wealth
effects in labor supply. Figure E.3 constructs my demand equivalence approximation in this
model, with the direct (partial equilibrium) consumption spending response now defined as
in (B.25). Estimated wealth effects are very weak, so Assumption 3 is nearly satisfied, and

the approximation is again highly accurate, with a maximal error of around 4 per cent.

APPROXIMATE DEMAND EQUIVALENCE, WEAK WEALTH EFFECTS
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Figure E.3: Consumption impulse response decompositions and demand equivalence approxima-
tion for the HANK model with weak wealth effects. The direct response and the indirect general
equilibrium feedback are computed following Definition 1.
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E.4 Interest rates

The two-asset model sketched in Appendix B.4 is well-suited to test the role of the interest
rate channel in breaking the demand equivalence approximation. With household deposit
rates (significantly) below government borrowing rates, my approximation will tend to over-
state the true consumption response, thus reinforcing the labor supply channel operative in
the baseline model. However, as shown in Figure E.4, the approximation remains reasonable
— I find a maximal error of around 7 per cent of the peak consumption response, even for a

quarterly return gap of 1.25 per cent.”?

APPROXIMATE DEMAND EQUIVALENCE, 2-ASSET HANK MODEL
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Figure E.4: Consumption impulse response decompositions and demand equivalence approxima-
tion for the two-asset HANK model. The direct response and the indirect general equilibrium
feedback are computed following Definition 1.

I have also considered model variants with large borrowing wedges (i.e., credit card debt).
With indebted households facing large effective rates of return, the interest rate channel now
imparts a (small) negative bias, largely offsetting the small positive bias of the labor supply

channel. Results for these model variants are available upon request.

52The impulse responses reveal that the two-asset model features stronger general equilibrium crowding-
out. This is so because of (i) smaller average MPCs and (ii) the lack of mechanical redistribution effects
related to heterogeneous dividend exposure (which stimulate spending in the baseline model).
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E.5 Useful government spending

My equivalence approximation generally fails if government expenditure is useful, in the sense
that it is either (non-separably) valued by households and/or productive. In this section I
argue that: (i) if the form of the non-separability is known, then a straightforward correc-
tion of my baseline methodology is available, and (ii) approximations based on productive

government investment are likely to be poor, in particular at long horizons.

VALUED SPENDING. In Appendix C.3 I discuss examples of household preferences over
government expenditure that are consistent with exact demand equivalence. For a generic
preference specification u(c, ¢; g), any change in government spending g will induce a (zero net
present value) consumption response path 65 £ defined exactly as in Definition 1. Following

the same logic as in the proof of Proposition 2, it follows immediately that, if

~PE - _ APE
(o + g = cC;
then we have
~ ~PE ~PFE ~
¢, = ¢ - ¢ + ¢ (E.1)

Leeper et al. (2017) estimate that private and public consumption are (weak) complements.
Given their preference specification, researchers could in principle back out 65 E and thus
implement the extended equivalence approximation of (E.1). However, since the estimated
complementarity is small, I have — in unreported simulations — found a naive approximation

(i.e., ignoring 65 E) to actually not do much worse. These results are available upon request.

PRODUCTIVE SPENDING. If government spending has productive benefits, then the ag-
gregate effects of private and public spending should differ. Consistent with this intuition,
empirical estimates of public investment multipliers are usually larger than those of public
spending (Leduc & Wilson, 2013; Gechert, 2015). These results caution against the use of
public investment multipliers for the demand equivalence approximation. I have confirmed
this prediction in a version of my baseline estimated HANK model in which government

spending is productive: I assume that production functions take the form, with

yje = (k7)™ (wjekjer )05
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where &/ denotes the aggregate stock of government “capital” kY. In this extended model,
the equivalence approximation substantially overstates the true consumption response, in
particular at long horizons.

To safeguard against this investment channel, I have re-run my empirical VAR analysis
for pure military spending forecast errors (in lieu of the unconditional forecast errors consid-
ered in the main experiment). Reassuringly my empirical estimates are almost unchanged,
suggesting that my analysis is not picking up the effect of public investment spending. This

conclusion is consistent with results reported in Drautzburg (2016).

E.6 Multi-sector economies

Heterogeneity in consumption baskets for private and public consumption can break the
demand equivalence result. Previous work has emphasized two channels. First, relative prices
will move in response to spending shocks (Ramey & Shapiro, 1998). Second, if goods differ
in their factor incidence (e.g., capital vs. labor income), and if factor income covaries with
household characteristics (e.g., households with little non-labor income have high MPCs),
then general equilibrium effects will be shock-specific (Alonso, 2017; Baqaee, 2015).

With the notable exception of productive long-lived investments, evidence on asymmetry
in government spending multipliers by the type of spending is relatively scarce (Gechert,
2015; Ramey, 2016). I complement this evidence with a less direct, model-based approach: I
study the accuracy of the demand equivalence approximation in the model of Appendix B.5.
Consistent with the findings in Alonso (2017), I implement my demand equivalence approx-
imation using government expenditure on the relatively more labor-intensive good. Results
are displayed in Figure E.5. The approximation error is clearly visible, and goes in the
expected direction: Since the MPC out of labor income is higher than that out of capital
income, the approximation using the second consumption good over-states; similarly, for the
first good, it under-states (not shown). However, and consistent with the conclusions in
Alonso (2017) and Baqaee (2015), these incidence effects are not particularly strong. The
intuition is simple: In the data, the average consumption good has a labor share of around
of 0.4, while the network-adjusted labor share of government consumption is around 0.65.
Assuming an (extreme) average quarterly MPC out of labor income of around 0.5, and an
MPC out of any residual income of 0.05, the resulting second-round demand difference from

spending on the two goods would be around 11 cents for every dollar of spending.”®

53 Arguably, this is an upper bound for the likely size of the effect, since heterogeneity in MPCs by skill
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APPROXIMATE DEMAND EQUIVALENCE, HETEROGENEOUS FACTOR INCIDENCE
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Figure E.5: Consumption impulse response decompositions and demand equivalence approxima-
tion in the three-sector HANK model. The direct response and the indirect general equilibrium
feedback are computed following Definition 1.

E.7 Imperfect demand matching

The excess demand paths in Figure 3 and Figure 7 are matched well, but of course not per-
fectly. To gauge the distortions associated with moderate mis-matching, I again consider the
estimated HANK model of Section 4.1, but now do not assume perfectly matched excess de-
mand paths; instead, I construct the demand equivalence approximation for an inaccurately

matched government spending path g, with

g = (1 + ) x ¢&&F (E.2)
where v ~ N(0,02). 1 set 02 to get average errors identical in size to those displayed in
Figure 3; this gives o2 = 0.123.

I then construct the demand equivalence approximation for 10,000 draws of the error
sequence v, and for each compute the maximal prediction error relative to the peak true
consumption response. I find that 95 per cent of prediction errors lie below 9.8 per cent, so

the approximation remains accurate.”® The intuition is simple: Since the model only features

implies the opposite conclusion: Government expenditure is concentrated on relatively high-skilled labor
(Bagaee, 2015); if MPCs out of skilled labor are smaller, then the gap displayed in Figure E.5 shrinks.

54Most of the large approximation errors come from draws in which the v’s are so far from 0 that demand
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relatively moderate general equilibrium amplification, prediction errors for consumption can
only be large if the demand path perturbation itself is substantial. The errors in demand
matching, however, are by construction small, and thus so are the overall approximation
errors. To illustrate, Figure E.6 shows the quality of the demand equivalence approximation

for one particular draw of the error sequence v.

APPROXIMATE DEMAND EQUIVALENCE, IMPERFECT MATCHING
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Figure E.6: Consumption impulse response decompositions and demand equivalence approxima-
tion in the estimated HANK model, with imperfect demand matching, following (E.2). The direct
response and the indirect general equilibrium feedback are computed following Definition 1.

matching is clearly violated, so the results displayed here are actually an upper bound on likely inaccuracies.

93



F Application: income redistribution

The two applications in the main text are fully semi-structural: For both I recover spending
impulses from micro data, and then use demand equivalence to map micro estimates into
general equilibrium counterfactuals. For some interesting shocks, however, micro data are
not rich enough to estimate the required direct spending responses. Appealingly, however,
construction of direct spending responses only requires researchers to specify one block of
the model economy. Given this partial model block, my methodology can again be used
to provide the mapping into full general equilibrium counterfactuals, without requiring the
researcher to specify all other parts of the model.

I illustrate this insight with an application to a simple redistributive, budget-neutral
stimulus policy: The government imposes a lump-sum tax on the richest 10 per cent (in
terms of liquid wealth holdings) of households, and uses the proceeds to finance a lump-sum

rebate to the poorest 10 per cent.

DIRECT RESPONSE. Jappelli & Pistaferri (2014) document that, because poor households
on average have higher MPCs than rich households, a redistributive policy of this sort should
stimulate short-term demand. However, as pointed out in Auclert & Rognlie (2018), all
households spend their income at some point in time, so the demand stimulus today is
necessarily offset by a demand contraction in the future. Since estimates of heterogeneity in
dynamic MPCs (and so the desired spending paths) across the household wealth distribution
are hard to obtain, I instead use the partial equilibrium consumption-savings problem (1) —
parameterized exactly as in my estimated HANK model — to construct the partial equilibrium
consumption demand path associated with the budget-neutral redistributive policy.

The solid green in the top right panel of Figure F.1 shows the estimated direct con-
sumption response. Consistent with the empirical estimates of Jappelli & Pistaferri (2014),
consumption sharply increases on impact. Since the taxed rich households behave almost
exactly in line with the permanent income hypothesis, their consumption decreases slightly

but persistently, so overall consumption demand decreases slightly but persistently over time.

THE MISSING INTERCEPT. I match the implied partial equilibrium excess demand path
through a combination of expansionary and contractionary government spending shocks,
similar to the bonus depreciation application in Section 5.2. The top left panel shows that
the partial equilibrium excess demand path is matched reasonably well, if with substantial

uncertainty at higher horizons. The bottom right panel shows that taxes — which in theory
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REDISTRIBUTION SHOCK, IMPULSE RESPONSES
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Figure F.1: Output and consumption responses to a redistribution shock, with the partial equi-
librium net output response path matched to a linear combination of government spending shocks.
The consumption response is computed in line with Proposition 2. The plot also shows the required
demand matching as well as the implied labor tax response (cf. Assumption 2). The dashed lines
again correspond to 16th and 84th percentile confidence bands.

need not respond, since the implied partial equilibrium excess demand path has zero net

present value — only respond very little, so Assumption 2 is reasonable.

MACRO COUNTERFACTUALS. The top right panel computes the general equilibrium con-
sumption counterfactual implied by the demand equivalence decomposition (10). Impor-
tantly, while the direct consumption response was derived from my partial equilibrium
consumption-savings block, all general equilibrium feedback is estimated semi-structurally.
Consistent with the results in the rest of this paper, I find limited general equilibrium feed-
back, so consumption rises significantly (if briefly) following the redistributive shock. The
bottom left panel shows that this general equilibrium increase in consumption is accommo-

dated through an (imprecisely estimated) increase in aggregate output.
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G Further proofs and auxiliary lemmas

G.1 Auxiliary lemma for Proposition 1

Lemma G.1. Consider a shock path € in the spender-saver model. Sequences of real rates

r and taxes on savers —T. are part of a perfect foresight equilibrium if and only if

c(r,w(r),d(r),7c;e) +gle) = y(r)—i(r) (G.1)
Te = Te(€) (G.2)

where y(o) and i(e) are firm policy functions, and optimal firm behavior implicitly pins down

wages w(e) and dividends d(e) as functions of r.

From the specification of the household and firm problems in Appendix B.2, it is imme-
diate that there exist differentiable functions c(r,w,d,7.;€), y(r), i(r) and d(r) that fully
characterize optimal firm and household behavior. But by (B.8) and (B.4) we can also obtain
w = w(r), so the expression (G.1) is well-defined.

Next, since g = g(e) by (B.9), we can conclude that (G.1) is necessary for any perfect
foresight transition equilibrium. Since 7. = T.(¢) by (B.11) it is similarly immediate that
(G.2) is necessary. To show sufficiency, note that (B.2), (B.3) as well as (B.4), (B.5) and
(B.7) hold by optimal household and firm behavior, respectively, and that all other equations
simply residually determine remaining model variables. Thus, if an interest rate path r
and a saver transfer path 7. are such that (G.1) and (G.2) hold, then they are in fact
part of a perfect foresight equilibrium. By existence and uniqueness of the perturbation
solution (see Appendix B.2), and by equivalence of perfect foresight transition paths and
perturbation solutions (Fernandez-Villaverde et al., 2016; Boppart et al., 2018), we know

that this transition path exists and is unique. O]

G.2 Proof of Proposition 1

By differentiability of the consumption, investment and output supply functions, a perfect

foresight equilibrium is, to first order, a solution to the linear system of equations

dc oc ., Oc . Og _ (9y 0Oi .
£X5+Exr+_ﬁre><7€+§xg = (8r_8r>xr (G.3)
. Ot
Te = 5 X€ (G.4)
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The existence of a unique perturbation solution (see the discussion in Appendix B.2) in
conjunction with Lemma G.1 implies that this equation also has a unique bounded solution

for (r,7,). Thus there exists a unique linear map H such that

~ Oc 0
Ar PN §Xa£+a—§><8 (G.5)
Te e XE

where H is the left inverse of

Since there exists a unique bounded solution, this left inverse is unique. Thus, in response

to a generic shock &, the response path of consumption satisfies

Jc g
¢, = @xe + (2 2) xH x 0c X Et e X E (G.6)
€ o Or OTe OTe :
€ == X &
N—— Oe .
cPE ~~

=Dx (% ><e+% ><e)

The definition of the “demand multiplier” map D uses my assumptions on the government
financing rule — both policy experiments can be (and in fact are) financed using identical
paths of lump-sum saver taxes.”® General equilibrium feedback is thus identical, giving (5),
and (6) follows. O

G.3 Proof of Lemma A.1

To prove Lemma A.1 I proceed in two steps. First, I show that all relevant inputs to the
household and firm problems can be obtained as functions only of x and €. Second, I show

sufficiency of the four equations in the statement of the result.

1. Given (i’ y), the Taylor rule of the monetary authority allows us to back out the path of
inflation 7. Thus all inputs to the firm problem are known,”® so indeed s/ = s/(x). We
thus obtain y, i and ¢/. Setting £ = ¢/ and since 7. € x, all inputs to the household prob-
lem are known, so indeed s" = s”(x). We can thus also solve for the path of consumption,

so that indeed s* = s"(x;¢€), and we finally recover union labor supply.

550f course, given Ricardian equivalence, this does not really matter. It only matters that the present
value of the implied tax burdens on savers is the same, which is ensured by the intertemporal government
budget constraint (and since government and savers borrow and save at a common rate).

56Note that the path of the intermediate goods price p! is obtained from the problem of retailers.
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2. Optimal household, firm and government behavior is assured by assumption. It thus re-
mains to check that (i) all markets clear (ii) that the input path of output is consistent
with firm production, and (iii) that the rebate path is consistent with the government
budget constraint. Output and labor market-clearing are ensured by the first two equa-
tions in the statement of the lemma, and asset market-clearing then follows from Walras’
law. The third set of equations in the lemma statement then ensures consistency in ag-
gregate production, while the fourth set — which uses that the only relevant quantities
for the government budget constraint are (r,w,£) — ensures that the government budget

constraint holds period-by-period.

Together, 1. - 2. establish sufficiency of the conditions in the statement of Lemma A.1.

Necessity is immediate, completing the argument. O

G.4 Proof of Proposition 3

The proof proceeds in three steps. First, I show that aggregate impulse responses to the
heterogeneous shocks {e,;} are identical to impulse responses to the common aggregate
shock e,9 = fol €ri0- Second, I prove that ¢,; — ¢, = (&0 — 1) x ¢EF + (;, where fol (&rio —

1)¢;di = 0. And third, I exploit standard properties of fixed-effects regressions to complete

0
OEs

the argument. As in the proof of Proposition 2, I use the notation to denote derivatives

for a shock path where only entries of shock s are non-zero.

1. We study impulse responses to the shock path e, = e;, where e; = (1,0,0,...)". The

direct partial equilibrium response of consumption to the shock is

Lo

R Ci .

ekt E/ L X Erip X €,di
o Oe;

where c;(e) is the consumption function of individual 7, defined analogously to the aggre-
gate consumption function c(e). Since fol &riodi = 1 and since &4 is assigned randomly

across households (and so does not correlate with % X €, at any t), we have that

1 1 1
el — . ~di 1+/ rio — L)di ——/ . ~di
c, /anng zx[ 0(50 )di anTXE i

The direct partial equilibrium response of aggregate consumption is thus identical to the

response in an economy where all individuals ¢ face the common shock €,. The same

~

argument applies to the desired partial equilibrium contraction in labor supply, £, . But
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if direct partial equilibrium responses are the same, then general equilibrium adjustment
is the same, and so all aggregates are the same.

2. Consumption of household 7 along the transition path satisfies
~ aci N aCZ‘
Cir = — XX+ — X &g X &
T ox De, < S

where x was defined in Lemma A.1. We thus get

L 7<€'_1>X8cx +acl-_@ %+ £ de;  Oc "
Cri Cr = 710 357 Er aX aX X 710 = Er
N——

&PE

Note that, since by definition we have fol %di = g—; and fol %di = g?c, the residual term
¢; must satisfy fol (&ri0 — 1)¢idi = 0.

By the standard properties of fixed-effects regression, we can re-write regression (13) as

Cith — Cron = Brn X (&t — 1)ear + Wirn, — Upth,

(G.7)
By standard projection results, the estimand B, satisfies
3. — fol [(&ri0 — 1)EEP + (3] (&rio — 1)di

T I :

fo (gTZ'O - 1)2dl

— éPE
where I have used the fact that Var(&;;) > 0.
n

G.5 Proof of Proposition 4

Following the same steps as in the proof of Proposition 2, but without imposing Assump-
tion 3, we get the two direct shock responses as

dc ~PE Og A
Per c}E e, gy
h A~
v 4 0 0
| xer= , and X €y =
0 0 0 0
OTe ~PE OTe ~PE
Oe Ter Ogg Te.‘]
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The response paths of consumption now satisfy

(@}

e &
Joc oc ¢ oc 0
[ X Er+— X H X T , and ¢, =0+ — X H X
Oe, ox 0 g 0x
R . PE . PE
C.,I.DE eTr T€g
Combining the two:
0
~PE
oc l
jay ~PE jal T
T + g9 + aX
0

In particular, the third term is immediately seen to be the general equilibrium response of
~PE
consumption to a leisure shock leading to a desired union labor supply adjustment of £_

as claimed. n

G.6 Auxiliary lemma for Proposition A.1

Lemma G.2. Consider the structural model of Section 2.1. Under Assumptions A.1 to A.J,
all firm sector price inputs s’ can be derived as functions only of the path of aggregate
consumption c. Sequences of consumption ¢ and shocks € are part of a perfect foresight

equilibrium if and only if
c+i(s’(c)ie) +gle) = y(s/(c);e) (G.8)

where the production and investment functions y(e), i(e) are derived from optimal firm

behavior.

To prove Lemma G.2 I as before proceed in two steps. First, I show that all relevant
inputs to the firm problem can be obtained as functions only of ¢ and €. Second, I show

sufficiency of the aggregate market-clearing equation.

1. By Assumptions A.2 and A.3, the household block admits aggregation to a single repre-

sentative household with period felicity function u(c) — v(¢). Given c, the Euler equation
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of the representative household allows us to back out the path of real interest rates r.
Given r, the Fisher equation and the Taylor rule of the monetary authority (by Assump-
tion A.4) allow us to recover the path of aggregate inflation m, and so by the NKPC of
retailers we recover p!. Next, given Assumption A.3, the wage-NKPC allows us to recover
the path of real wages w. Together with € we thus have all inputs to the firm problem,

and in particular indeed s/ = s/(c), as claimed.

2. Optimal firm and government behavior is assured by construction. Next, since the Euler
equation and wage-NKPC hold, the only missing condition for household optimality is the
lifetime budget constraint. But by assumption the aggregate market-clearing condition
(G.8) holds at all times, so the household lifetime budget constraint must hold. Finally,

the labor market clears by Assumption A.3.

Together, 1. - 2. establish sufficiency of the conditions in the statement of Lemma G.2.

Necessity is immediate, completing the argument. O]

G.7 Proof of Proposition A.1

By Lemma G.2, a perfect foresight equilibrium is, to first order, a solution to the system of

linear equations

é+ai ><é+ai ><e+ag><e—8y><é+8y><e
¢ Oe Oe - 0¢ Oe

As before, we thus in general have

L 0i oy g
c=H x (axe—axaﬂ—%xs)

el
€s

for a unique linear map H. Now again use the notation to denote derivatives for a
shock path where only entries of shock s are non-zero. In response to investment tax and

government spending shocks, the response path of investment satisfies

: oi oi oi Oy
i, = —xg + %xHx(a—qugq—a—%er

ire Dix (iLE-yPF)
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and

5 oi g
i, = O — XHX|=Xe
'y T % (ae g>
'D:Xrgg
respectively. This establishes (20). The equations for output are exactly analogous. O]

G.8 Proof of Corollary C.1

It is straightforward to show that a generalization of Lemma A.1 now holds for the system

= y(s'(x);¢)

)
(s“(x;6)) = £/(s'(x);¢)
y(s'(x);e) = y
T.(s (x);6) = 7.

where e is now the aggregated optimal household expenditure function for durable and non-
durable consumption. Applying the same steps as in the proof of Proposition 2 to this new

system, the result follows. O]
G.9 Proof of Proposition D.1

By definition of y,, we know that

@gh = COV(ZJHh, 5gt)

Ugn is thus the estimand of a local projection on e4,. (D.5) then follows immediately by
Corollary 1 in Plagborg-Mgller & Wolf (2019).57 O

5TStrictly speaking, it remains to verify their Assumption 1, ensuring that the process (2, %)’ is not
stochastically singular. It is straightforward to augment the model of Section 2.1 with more structural
shocks or measurement errors to ensure that this is the case for any vector of macroeconomic observables y;.
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