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Abstract

We estimate a Heterogeneous-Agent New Keynesian model with sticky household
expectations that matches existing microeconomic evidence on marginal propensities
to consume and macroeconomic evidence on the impulse response to a monetary policy
shock. Our estimated model uncovers a central role for investment in the transmission
mechanism of monetary policy, as high MPCs amplify the investment response in the
data. This force also generates a procyclical response of consumption to investment
shocks, leading our model to infer a central role for these shocks as a source of business
cycles.
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1 Introduction

A central question in monetary economics is how to model the effects of monetary policy. How
do we gauge the success of a model? What empirical moments should we use to judge?

The traditional approach in the literature is to build models that are consistent with macro mo-
ments, such as the impulse response to identified monetary policy shocks (Rotemberg and Wood-
ford 1997, Christiano, Eichenbaum and Evans 2005) or the covariance structure of aggregate time
series (Smets and Wouters 2007, Justiniano, Primiceri and Tambalotti 2010). One important fact in
this literature is that the macroeconomic response to aggregate shocks tends to be hump-shaped.
This is consistent with the conventional view in central banks that “monetary policy can have lit-
tle immediate effect on either real activity or inflation” (Woodford 2003, p. 322). The left panel
of Figure 1 displays the impulse response of output to an identified monetary policy shock—one
of the targets of our estimated model in section 4—which clearly displays such a macro hump. To
deliver these hump-shapes, the literature to date has used representative-agent models enhanced
with a variety of adjustment frictions such as habit formation, or deviations from rational expecta-
tions such as inattention.! Estimated versions of these models are currently widely used by central
banks for forecasting and policy analysis.

A recent literature has proposed instead to build models that are consistent with micro moments,
such as the path of the consumption response to an identified transitory income shock. This path
is generally characterized by an immediate jump on impact—an elevated Marginal Propensity to
Consume, or MPC—followed by a less pronounced but still elevated level of spending in the fol-
lowing periods, as in the right panel of figure 1 (see Fagereng, Holm and Natvik 2018, Auclert,
Rognlie and Straub 2018). To match these moments, the literature to date has used heterogeneous-
agent models with incomplete markets, idiosyncratic risk and borrowing constraints.> These mod-
els have gathered a considerable amount of attention because they can speak to the interaction be-
tween monetary policy and distribution, and are often viewed as painting a realistic and intuitive
picture of the monetary transmission mechanism.

At present, these two approaches are incompatible. As is well-known, representative-agent
models feature MPCs that are much too low compared to the data, so models in the macro mo-
ments tradition fail to match micro jumps. Similarly, existing heterogeneous-agent models feature
an aggregate impulse response to monetary policy that is peaked on impact (e.g. Kaplan, Moll and
Violante 2018, figure 3), so models in the micro moments tradition fail to match macro humps, and
are therefore ill-suited for estimation using macro data.

In this paper, we combine elements from both literatures to build and estimate a model of the
monetary transmission mechanism that simultaneously matches these macro and micro moments.
We overcome two major difficulties that had made this exercise difficult until now. First, we show
that the standard approach to generating consumption hump-shapes—introducing habit forma-

tion in consumption—makes it very difficult to match MPCs. By contrast, we show that introduc-

1e.g. Christiano, Eichenbaum and Evans (2005), Smets and Wouters (2007), and Mackowiak and Wiederholt (2015).
2e.g. McKay, Nakamura and Steinsson (2016), Kaplan, Moll and Violante (2018), and Bilbiie (2019).



Figure 1: Macro Humps, Micro Jumps.
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Note. Left panel shows the impulse response of output to a Romer and Romer (2004) shock, estimated with a Jorda
(2005) projection; see section 4.2 for details. Right panel shows the consumption response to a one-time unanticipated
increase in average labor incomes; estimated by Fagereng, Holm and Natvik (2018) using Norwegian administrative
data; interpolated to quarterly data using cubic interpolation on the cumulative spending response.

ing sluggishness in the adjustment of households” expectations of aggregate variables (“sticky ex-
pectations”, as in Carroll, Crawley, Slacalek, Tokuoka and White 2018) allows the model to simul-
taneously match macro humps and micro jumps. Second, we build upon the rapid sequence-space
simulation procedure developed in Auclert, Bardéczy, Rognlie and Straub (2019) by introducing
a new and general methodology to handle departures from rational expectations. With these hur-
dles cleared, we are able to estimate a HANK model featuring sticky expectations, sticky prices
and wages with indexation, long-term debt, and investment adjustment costs. We match a) a set
of macro monetary policy impulse responses, as in Christiano, Eichenbaum and Evans (2005), and
b) a set of macro aggregate time series, as in Smets and Wouters (2007). Our estimation procedure
is reliable and fast, even on a laptop computer.

We use our estimated model to revisit the transmission mechanism of monetary policy and the
sources of business cycle fluctuations. Our first main finding is that investment is a crucial driver
of monetary policy transmission. If investment is constrained not to respond to a monetary shock,
the cumulative output response over five years falls by over 80%. By contrast, in a standard
representative-agent model with habits estimated using the same data, shutting off investment
only causes the output response to decline by investment’s accounting share of 40%. This result
implies that factors affecting the responsiveness of investment to monetary policy are much more
important for aggregate outcomes than previously thought.

This outsized role of investment follows naturally from our strategy of matching both MPCs
and macro moments. Since we match the investment impulse response, investment in our model

makes a significant contribution to aggregate output demand. As in the traditional Keynesian



cross, this leads to a rise in household income, which—thanks to high MPCs—causes consumption
to rise, making an additional contribution to output demand. Conceptually, this amplification
mechanism only requires elastic investment and high MPCs, as we demonstrate in appendix A.?

The quantitative importance of this mechanism, however, hinges on our model’s ability to
also match the consumption impulse response. Our model achieves this with sticky expectations:
it takes time for households to become informed about future macro variables. This dampens
ex-ante intertemporal substitution and income effects, which otherwise would lead to a large,
immediate consumption response. Once households actually receive the labor income from an
output boom, however, they have high MPCs. This leads to a hump-shaped consumption re-
sponse—driven, in the end, mostly by income effects that originate with the hump-shaped invest-
ment response.

We also use our estimated model to investigate two other aspects of monetary transmission.
First, we examine the role of fiscal policy, which has been emphasized by Kaplan, Moll and Vi-
olante (2018) as an important source of indirect effects on consumption. We show that two features
of our model make fiscal policy surprisingly unimportant for monetary transmission: long-term
debt that matches the empirical duration in the US, and a more realistically delayed fiscal adjust-
ment instead of a balanced-budget rule. Second, we look at the stock market response, finding that
it has the right direction and timing—which has been challenging for HANK models to match, as
stressed by Kaplan and Violante (2018)—and that the resulting consumption response is also con-
sistent with the empirical literature.

Our second main finding in the paper is about the sources of business cycles. A fundamen-
tal puzzle in the business-cycle literature, dating back to Barro and King (1984), is to explain the
procyclical comovement of consumption and investment. The literature has traditionally done
so with shocks to TFP or markups: Smets and Wouters (2007), for instance, has a prominent role
for both. Although investment shocks can play some role (see Justiniano, Primiceri and Tam-
balotti 2010), in representative-agent models it is difficult for these shocks to generate procyclical
consumption.* In our model, on the other hand, the complementarity between high MPCs and
investment naturally delivers procyclical consumption. As a result, when we estimate the shock
processes underlying the US business cycle, we find a large role for investment shocks: they ex-
plain 65% of output variation at business cycle frequencies, vs. only 15% in the representative-
agent version of our model. Crucially, they also explain the majority of consumption-investment
comovement, vs. almost none in the representative-agent model.

All in all, our paper unifies three strands of the literature. First, we build on a large body

3 Amplification is greater, however, when intertemporal MPCs are also high, since these lead to intertemporal de-
mand feedbacks (Auclert, Rognlie and Straub 2018). To demonstrate this, we also estimate a two-agent model with
habits, calibrated to have the same average MPC, on the same data. Investment is barely more important than in the
representative-agent model: shutting off investment causes the output response to decline by 45%. This is low because
the two-agent model, unlike our heterogeneous-agent model, fails to match the intertemporal MPCs in figure 1.

4One route is to put consumption-labor complementarity into utility (e.g. Furlanetto and Seneca 2014), but as Auclert
and Rognlie (2017) point out, such complementarities can interact perversely with sticky prices.



of work that estimates representative-agent models with limited or full-information methods.?
Second, we build on the active HANK literature pioneered by Gornemann, Kuester and Nakajima
(2016), McKay, Nakamura and Steinsson (2016), Auclert (2019), Kaplan, Moll and Violante (2018)
and Werning (2015),° by estimating a HANK model. Third, we build on the large literature that
considers how various deviations from rational expectations can explain the effects of monetary
policy (see Angeletos and Lian 2016 for a review).” The specific model we use is a type of sticky-
information model, as in Gabaix and Laibson (2001) and Mankiw and Reis (2002, 2007), though
our version with sticky expectations is closest to Carroll et al. (2018).

Our strategy of combining imperfect information with a strong general equilibrium consump-
tion feedback is closely connected to Angeletos and Huo (2019), who show that these two forces
are complements, as the Keynesian cross accentuates inertia at the macro level. It is also closely
connected to Farhi and Werning (2019), who were the first to depart from rational expectations in
a HANK model, obtaining a solution to the forward guidance puzzle.

An emerging literature also estimates HANK models using limited or full-information meth-
ods. Challe, Matheron, Ragot and Rubio-Ramirez (2017) was an early contribution, in a model
with restricted heterogeneity. Hagedorn, Manovskii and Mitman (2019b) estimate a one-asset
model to match the impulse response to identified technology shocks. They provide an ana-
lytical characterization of the role of redistribution and fiscal policy in shaping this impulse re-
sponse in their model, relative to what a representative-agent model would deliver, and they
obtain humps in consumption because their estimated responses of monetary and fiscal policy
to technology shocks are themselves hump-shaped. Bayer, Born and Luetticke (2019a) perform
a full-information Bayesian estimation of the two-asset HANK model in Bayer, Luetticke, Pham-
Dao and Tjaden (2019b). They find that demand shocks play a somewhat larger role in driving
business cycle fluctuations in their model relative to the Smets and Wouters (2007) model, and
uncover a role for shocks to idiosyncratic income risk and the supply of liquid assets. Relative
to their work, our focus is on simultaneously matching MPCs and hump-shapes in consumption,
and on the role of investment in the transmission mechanism. We also use a complementary set of
methods—sequence-space rather than state-space, which we show to be particularly well-suited
to the deviation from rational expectations that we introduce.

Finally, the amplification mechanism at the core of our model—through which shocks to in-
vestment affect consumption via MPCs—is analytically distilled in subsequent and complemen-
tary work by Bilbiie, Kdnzig and Surico (2019), in the context of models with tractable heterogene-

ity. They emphasize the role of cyclical income inequality in further amplifying this channel.

5Gee, among many others, Del Negro, Schorfheide, Smets and Wouters (2007) and Altig, Christiano, Eichenbaum
and Lindé (2011), in addition to the work already cited.

6See Bilbiie (2008) for an early contribution to this literature, in a model with limited heterogeneity.

7This includes models with cognitive discounting as in Gabaix (2016), lack of common knowledge of as in Angeletos
and Lian (2018) and Angeletos and Huo (2019), rational inattention as in Sims (2003), Mac¢kowiak and Wiederholt (2009,
2015) and Zorn (2018), or level-k thinking as in Garcia-Schmidt and Woodford (2019) and Farhi and Werning (2019).



Layout. The paper proceeds as follows. In section 2, we show why sticky expectations can si-
multaneously rationalize micro jumps and macro humps. In section 3, we present our general
equilibrium HANK model. In section 4 we present details of our impulse-matching estimation
procedure and discuss model fit. In section 5 we examine the transmission mechanism of mone-
tary policy in our estimated model. In section 6 we enrich the model with a full set of shocks and
estimate shock processes to revisit the sources of business cycles. We conclude in section 7.

2  Jumps and humps in consumption

We begin by describing the challenge of simultaneously matching micro jumps and macro humps
in consumption. Micro “jumps” are intertemporal MPCs: the micro responses of consumption to
transitory income shocks. In the data, these responses peak on impact. Macro “humps” are the
aggregate consumption responses to persistent shocks, such as monetary policy shocks. In the
data, these responses have delayed peaks.

We first set up a standard heterogeneous-agent model that matches jumps, but cannot generate
humps. We then explain why habit formation can match humps, but cannot generate jumps.
Finally, we introduce an informational rigidity that can successfully generate both humps and

jumps, and will therefore serve as a basis for our general equilibrium model in section 3.

2.1 Heterogeneous households and iMPCs

We model the behavior of a mass one of heterogeneous households in discrete time. The model is
in partial equilibrium, without aggregate risk: households face deterministic sequences of interest
rates {r;} and average labor incomes {y;}. Each household is indexed by its income state s and
its liquid asset position /. s follows a Markov process with transition matrix Il, and determines
household productivity e (s). Household behavior is characterized by the following dynamic pro-

gramming problem:

Vi(l,s) = max u(c) + BE [Vis1 (€,5") |s] (1)
¢+l < (1471l +yee(s) 2)
>0 3)

Aggregate consumption C; is the integral of household consumption choices c; (¢,s) over the
time-varying cross-sectional distribution of states D; (¢, s). Given an initial distribution Dy, C; can
be expressed as a function of the sequence {ys, 7s }s>0:

Ct =Ct ({ys, 1s}s>0), t>0

The consumption function C summarizes the aggregate behavior of households, holding con-



Figure 2: Intertemporal MPCs 9C; /9y in models and in the data
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Note. This figure displays intertemporal MPCs dC;/dyp in various models and in the data. The black dots are con-
structed by fitting a cubic spline through the estimated cumulative annual iMPCs from Fagereng, Holm and Natvik
(2018). The green line displays iMPCs in a baseline heterogeneous agent (HA) model calibrated to match a first-year
annual iMPC of 0.55, as per footnote 10. The orange line displays iMPCs in a representative-agent (RA) model with
B(1+r) =1andr = 5%. The red line shows iMPCs in an RA model with habit formation in consumption calibrated
to match a first-year annual iMPC of 0.55, as described in appendix B.1. The blue line shows iMPCs in a HA model
with habit formation in consumption, as described in appendix B.2.

stant primitive parameters such as preferences and the process for idiosyncratic income risk.® In
particular, the derivatives of C around the steady state ys = y*,rs = r* characterize the first-order
response of households to changes in aggregate income and real interest rates. These derivatives,
or sequence-space Jacobians, are sufficient statistics for the aggregate behavior of households in
general equilibrium (Auclert et al. 2019).

As we argued in Auclert, Rognlie and Straub (2018), the Jacobians dC;/dys, which we call
intertemporal marginal propensities to consume or iMPCs, play a particularly important role. First,
they determine fiscal multipliers, and the general equilibrium response to demand shocks more
broadly. Second, the impulse response of average consumption to a one-time unanticipated tran-
sitory increase in labor income, dC; /9y, can be directly compared with the data and is helpful to
discriminate across models. For example, the black dots in Figure 2 represent the quarterly iMPCs
implied by the estimates in Fagereng, Holm and Natvik (2018), who combine Norwegian admin-
istrative data on income and wealth with data on lottery winnings to estimate dC;/dyo.” The data
iMPCs clearly feature a “micro jump”: the average response to an unanticipated income shock is
highest on impact and then declines slowly towards zero. The high initial level dCy /9y, of about
0.2 is consistent with findings from the large empirical literature on MPCs.

The green line in Figure 2 shows the intertemporal MPCs dC; /9y, for a version of the hetero-

8See for example Auclert, Rognlie and Straub (2018), Kaplan, Moll and Violante (2018), or Farhi and Werning (2019).
9We provide a detailed mapping from data to the model in Auclert, Rognlie and Straub (2018). To convert the
estimates from annual to quarterly, we use cubic spline interpolation of the estimated cumulative annual iMPCs.



geneous-agent (HA) model described above, calibrated to match an average annual MPC of 0.55—the
point estimate from Fagereng, Holm and Natvik (2018).1° This strategy achieves a good fit overall,
both to the initial level of iMPCs and their subsequent path. Hence, the model is able to replicate
the “micro jumps” in the data. This is in direct contrast with a standard representative-agent (RA)
model—a version of (1) with no income risk and no borrowing constraint—which predicts a low

and flat iMPC schedule, as shown in the orange line of Figure 2.

2.2 Habit formation and iMPCs

One problem with the heterogeneous-agent model just described is that, if we simply embed it into
general equilibrium with no further modification, it cannot generate hump-shaped consumption
responses to persistent macroeconomic shocks, or “macro humps”. This is a property of virtu-
ally all HANK models in the existing literature. For example, in all of McKay and Reis (2016),
McKay, Nakamura and Steinsson (2016), Gornemann, Kuester and Nakajima (2016), Kaplan, Moll
and Violante (2018), Auclert, Rognlie and Straub (2018), and Hagedorn, Manovskii and Mitman
(2019a), the consumption response of the economy to monetary and fiscal shocks is peaked on
impact, rather than hump-shaped as it typically is in the data. The reason is well-known from
the representative-agent literature: standard models of preferences with rational expectations do
not have any force delaying the consumption response to aggregate shocks. Yet, such a delay is
typically seen as a prerequisite for model estimation. Hence, to make models suitable for estima-
tion, this literature has either modified preferences, or deviated from the assumption of rational
expectations.

A very popular approach, pursued by Fuhrer (2000), Christiano, Eichenbaum and Evans (2005)
and Smets and Wouters (2007) among many others, modifies preferences to feature habit forma-
tion in consumption. This approach successfully slows down the adjustment to macroeconomic
shocks, but here we argue it is poorly suited to obtaining a good micro fit.!!/12

Consider first the assumption of external habits, as in Smets and Wouters (2007). This modifies
the utility function u(c) in (1) to read u(c — yC—-), where C_ represents average consumption
in the previous period, and a good macro fit requires 7y to be a large number like 0.6.1® In a
typical heterogeneous-agent model, this strategy is infeasible: if the model is to be consistent with
the steady-state distribution of consumption, it has to feature many agents with consumption far

below 0.6 times average consumption, whose marginal utility of consumption would be infinite.'*

10n this calibration, we use the same income process e(s), utility function u and steady-state real interest rate r* as
that of our quantitative model (see section 4). We then find the discount factor B that generates an aggregate MPC in

the first year of 0.55, that is, 22:0 <1+%> ’ SSS = 0.55. This procedure yields g = 0.8422 at an annual rate.

We focus on additive habits, which are used by the majority of papers in the macro estimation literature. Multi-
plicative, external habits may provide an alternative to our solution of sticky expectations.

121n a related argument, Havranek, Rusnak and Sokolova (2017) show that micro and macro approaches to estimating
habits tend to produce inconsistent estimates.

BFor example, in the estimated Smets-Wouters model, v = 0.71.

14 Another way to see this is that the steady state of the model would feature a counterfactually high degree of
precautionary savings, and therefore a counterfactual distribution of consumption, as all agents save enough to ensure




Consider next the alternative assumption of internal habits, as in Christiano, Eichenbaum and
Evans (2005), which replaces the utility function u(c) in (1) by u(c — yc_), where c_ is the agent’s
own consumption in the previous period, and can therefore scale differently for rich and poor
agents. The problem with this specification is that it substantially lowers marginal propensities to
consume. In appendix B.1, we prove this formally for the case of the RA model: there, the impact
MPC is reduced by a fraction 1 — B+ relative to the standard RA MPC. The reason is visible in the
red line of figure 2: in response to a one-time income transfer, agents limit their initial increase in
consumption to avoid raising their consumption habit too rapidly. The resulting pattern of iMPCs
is increasing over time, the opposite of the jump in the data.

The intuition that habits reduce impact MPCs carries over to a HA model with internal addi-
tive habits. To make this point, we set up such a model with v = 0.6 and otherwise calibrate it
to the same parameters as our no-habit HA model (see appendix B.2 for details). As the blue line
of figure 2 illustrates, that model features a micro hump: iMPCs themselves are hump-shaped, in
contrast to the data.

These results lead us to pursue a different strategy to model hump-shaped responses to macroe-
conomic shocks, one that relies on a deviation from rational expectations. This route has the addi-
tional advantage that it does not involve any change to the ability of the HA model to match
iMPCs.

2.3 Sticky expectations and iMPCs

We propose to extend the standard HA model with a version of the “sticky information” friction
pioneered by Gabaix and Laibson (2001) and Mankiw and Reis (2002, 2007). The exact version we
use is Carroll et al. (2018)’s formulation of sticky expectations. In order to formally express it, we
work with an aggregate-risk version of the household problem (1) in which both r; and y; follow
stochastic processes that are orthogonal to idiosyncratic risk.

In the sticky-expectations model, households update their information sets about aggregate
shocks infrequently, with an iid probability of 1 — 6 each period. At time ¢, a household that last
updated k > 0 periods ago bases its forecast of the future on the information available at time ¢ — k.
The parameter 6 indicates the stickiness of expectations in the model, and rational expectations
correspond to the special case where 6 = 0.

We assume that only expectations about future aggregates are sticky, not expectations about
future idiosyncratic productivity shocks e(s). This reflects the idea, formalized in the rational inat-
tention literature, that idiosyncratic shocks have a much greater variability and therefore receive
more attention by households (see e.g. Mackowiak and Wiederholt 2009). A complementary in-
terpretation, from Angeletos and Huo (2019), is that incomplete information about idiosyncratic
shocks is less relevant because, unlike with aggregate shocks, there is no general equilibrium feed-
back that amplifies the inertia.

minimal consumption of yC_ in the face of large variability in incomes.



Formally, households solve, subject to the unchanged constraints (2)—(3):
Vi (£,5,k) = max u(c) + BE;x [0Viga (€, k+1) + (1 —0) Viyq (£,5,0) |s] (4)
c b

The number of periods k since the last information update enters as a state variable, which matters
because it shapes the expectation [E;_j on the right. Since households are aware that, with proba-
bility 6, they will keep a stale information set and move to k' = k + 1, while with probability 1 — 6
they they will update their information set next period and move to state K =0, the expectation
is taken over a convex combination of V; 1 (¢/,s',k+ 1) and V; 41 (¢/,5’,0). Note that as in Carroll
et al. (2018), households always observe current 7; and y;, ensuring that they know their current
cash on hand (1 + ;)¢ + ye(s) and do not violate their borrowing constraints.

There are two interpretations of the information friction embedded in (4). First, non-adjusting
households might not use the information available in current aggregates like r; and y; to update
their expectations about future aggregates. Alternatively, these households might update their ex-
pectations about future aggregates, but fail to incorporate this information into their consumption-
savings decision, instead anchoring their decision rule to past expectations. Empirical estimates of
sluggish expectation adjustment miss the latter possibility, and thus provide only a lower bound
for the 6 in our model.

The sticky-expectation formulation of informational rigidities has two main advantages for our
purposes. First, intertemporal MPCs are unchanged'® by sticky expectations: a one-time unantic-
ipated income shock does not change future incomes or interest rates, and therefore does not
interact with frictions in the adjustment of these expectations over time. Second, and more im-
portantly, slow adjustment of expectations allows us to model hump-shaped impulse responses

to macroeconomic shocks. We turn to this exercise next.®

3 An inattentive HANK model

We now embed our model of a population of heterogeneous households with sticky expecta-
tions—which we will call “inattentive” for brevity—into general equilibrium.

To maximize comparability with the existing representative-agent literature, we structure the
rest of our general equilibrium model following Christiano, Eichenbaum and Evans (2005) and
Smets and Wouters (2007). In addition to the heterogeneous-agent inattentive household sector,
we depart from these papers by abstracting away from endogenous capacity utilization, fixed
costs in production, and a “cost channel” for monetary policy, since we did not find any of these

15That is, feeding a realized path of average incomes {y +¢€,,,¥, ...} with constant  and small € > 0 into the
economy at its deterministic steady state always generates a response of average consumption equal to that shown in
Figure 2, irrespective of 6.

16The formulation in (4) is also consistent with several pieces of evidence. First, at the macro level, evidence from
the cross section of monetary impulse responses (eg Cloyne, Ferreira and Surico 2020, Wong 2018) suggest that impulse
responses are hump-shaped within groups, not just across groups, which our formulation delivers. Second, at the micro
level, our formulation is consistent with the sluggish adjustment of household expectations documented in Coibion and
Gorodnichenko (2012, 2015) (see section 4.4).
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three features essential to match the impulse response. But we maintain the key features of these
models that generate macroeconomic sluggishness in inflation (namely, price and wage indexa-

tion) and investment (namely, investment adjustment costs).!”

3.1 Inattentive households

We build on the model presented in section 2, extending it by letting households hold a second,
illiquid asset, and allowing for heterogeneity in illiquid asset holdings.

The economy is populated by a unit mass of households that face both idiosyncratic and aggre-
gate uncertainty. Households transition stochastically between idiosyncratic productivity states s
according to a Markov process with fixed transition matrix I1. The mass of households in state
s is always equal to 7, the probability of s in the stationary distribution of IT. We normalize
idiosyncratic productivity levels e(s) to have mean one, so Y 7se(s) = 1.

In addition to stochastic heterogeneity, we also allow for permanent heterogeneity. House-
holds are each assigned a permanent type, g, such that there is a mass p¢ of households of type g.
The permanent type influences three household attributes: their discount factor f; their group-
average skill level e,; and their steady-state level of aggregate illiquid asset holdings @,. This
permanent heterogeneity allows us to fit the large heterogeneity in illiquid asset holdings in the
data while maintaining a simplified model of households” decisions to save in the illiquid asset.
We normalize Yohg =1

In each period, a household enjoys the consumption of a generic consumption good c and gets
disutility from working n hours according to the separable felicity function u(c) — v(n). Because of
sticky wages, n is determined by union labor demand. As described in section 3.4, unions allocate
labor equally across all households, so that for every household, n; = N; in period t, where N;
is aggregate labor demand. Individual after-tax labor income in period t is therefore given by
zy = Ziege(s), where Z; = (1 — 1;)w;N; is aggregate after-tax labor income.

Each household has access to two assets. As in section 2, they can trade in a liquid asset, /,
which has a return r{ between t — 1 and ¢ that is predetermined in period t — 1, and they are subject
to a zero-borrowing constraint. In equilibrium, this asset will earn a relatively low return. They
also hold an illiquid asset, a4, which carries a higher equilibrium return r{. In the non-stochastic
steady state of the economy, agents behave in such a way that all agents in group g hold the same
amount 4, in illiquid assets. Both liquid and illiquid assets are issued by a financial intermediary,
which is introduced in section 3.2 below.

Formally, a household in group g and state s, with liquid assets ¢, illiquid assets 4, and who
observed the aggregate state k periods ago when it had illiquid assets a_y, solves the dynamic

17 An alternative route to generate sluggishness in inflation and investment is to assume inattentiveness of unions
and firms. We followed this route in a previous version of this paper. This alternative specification did not affect the
main results of the paper.
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programming problem

Ver (6,a,a_g,5,k) = maxu(c) —v(Ny) + BBk [0Vgs1 (¢,a',a 5 k+1)

o
+ (1-0) Vguyr (¢,',a',,0) Is]
c+/l = (1 + rf) U+ Ziege(s) + dg, (a—_, k) ©)
' = (1+rf)a—dgs(a_k)
/>0

where 0 denotes the stickiness of household expectations—the probability that they do not update
their information about aggregates or the value of their illiquid account—and d, ; is a distribution
from the illiquid account, described below. We assume 6 to be the same across all groups.

While the return on the liquid asset is set by the financial intermediary in period t — 1, the
return on the illiquid asset { is stochastic and moves around with the value of the stock market.
We assume that households update their information on the value of their illiquid account a in-
frequently, at the same time they update their expectations.'® They then distribute an amount d,
from their illiquid to their liquid account that depends on a® = af (a_x, k) = E;_ [(1 + 1) ala_g],
the value of the portfolio they expect to have given their last information update. Specifically, we
assume that households follow the rule

P55

dg,t (a*k/ k) = 1 + ru,ss

a°+ x (a° — (1+ ") ay) (6)

where r**° is the steady-state level of illiquid returns and x is a small, positive constant. The first
term in (6) states that households increase their distributions only when they observe a higher
value of the stock market, and by a fraction corresponding to the steady-state annuity value of
this increase. As we show in section 5.5, this ensures that the marginal propensity to consume
out of capital gains is small in the aggregate, and that the consumption response is delayed, both
consistent with empirical evidence. The second term in (6) ensures that households save when
they expect their portfolio value to be low, and dissave when they expect it to be high, so that in
the long run their liquid asset position is equal to a,. We set the parameter x to be positive but
very close to 0.1

This set of assumptions delivers a two-asset model that is complex enough to deliver micro
jumps (with MPCs as high as in the data) and macro humps (with consumption following a hump-
shaped path after shocks), yet tractable enough to be estimated using the methodology developed
in section 4.3.

8There is empirical evidence that households infrequently choose to observe the value of their financial assets (for
example Alvarez, Guiso and Lippi 2012). Moreover, we show in section 5.5 that, at the aggregate level, our model
predicts the pattern for the consumption response to capital gains documented in Chodorow-Reich, Nenov and Simsek
(2019). Even though households are inattentive, the stock market is always priced by competitive, fully informed and
rational financial traders—see section 3.2.

Different small values of x yield numerically identical results. A similar device is used in incomplete-market small
open economy models to induce stationarity (see e.g. Schmitt-Grohé and Uribe 2003).
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3.2 Financial intermediary

The financial intermediary in our model has two activities: a banking activity, performing matu-
rity transformation by collecting liquid short-term deposits L; and investing in long-term govern-
ment debt B; subject to an intermediation cost of {L; paid in the next period, and a mutual fund
activity, collecting illiquid funds A; and investing them in government bonds and shares in firms.

The consolidated representative financial intermediary faces the following sequence of flow-
of-funds constraints. At the beginning of the period, the value of outstanding illiquid and liquid
liabilities must be equal to the liquidation value of the portfolio of government bonds and shares
in firms, net of the intermediation cost of liquid deposits, so that:

(1) Ara + (1471) Lt = (1460 By + [ (pj + Dyt) 0j-adj — SLia 7)

where vj; denotes the shares of firm j with price pj;. At the end of the period, the value of newly-
purchased bonds and shares must be equal to the value of newly issued liquid and illiquid liabil-
ities, so that:

/pjtvjtdj +qiBr = At + Lt (8)

The financial intermediary’s problem is to choose vj;, By and L; so as to maximize the expected
return on illiquid liabilities, E; [rf ] 20 This leads to the following asset pricing equations:

E; [1+ 0q¢+1] _ E; [Pjt+1 + Djt+1]
qt Pijt

B, [1+7rf] = =147, +i=1+n 9)
where we have defined r; as the ex-ante real interest rate. Hence, in equilibrium, competitive
intermediaries fully pass through the cost of deposit issuance to a lower deposit interest rate,
rt 41 = 1t — ¢, and they equalize the expected returns on all other assets to the ex-ante real interest
rate.

We also allow the financial intermediary to invest in nominal reserves issued by the central
bank, that are in zero net supply and pay an interest rate i; between ¢t and t 4- 1. In appendix C.2,
we show that the first order condition with respect to reserve holdings implies the Fisher equation:

, P

1+rn=00+i)E [;’1] (10)
t

Our assumption of perfect attention for the mutual fund is consistent with immediate reaction of

financial markets to news, as documented, for example, by Bernanke and Kuttner (2005), Giirkay-

nak, Sack and Swanson (2005), and Nakamura and Steinsson (2013) for monetary policy.

20Here we assume that the financial intermediary uses a risk-neutral stochastic discount factor. However, since we
are solving to first order in aggregates, we would obtain an identical solution under any alternative choice of stochastic
discount factor M; such that the intermediary maximizes [E; [Mt+17? +1] .
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3.3 Firms

Our specification of firms mostly follows Christiano, Eichenbaum and Evans (2005) and Smets
and Wouters (2007), except that we abstract from endogenous capacity utilization, fixed costs in
production, and a cost channel of monetary policy.

Final good. A final good firm produces the homogeneous output good Y; out of intermediate
goods. Its production function is implicitly defined by the equation

/1G (th>dj:1 (11)
o '\Y

where G, is the Klenow and Willis (2016) version of the Kimball (1995) aggregator, which satisfies
vp

Gp(1) =1and G, (x) = exp 1_3; o } vy is the demand superelasticity, with v, = 0 correspond-

ing to standard CES demand.

Intermediate goods. All intermediate goods producers operate a common Cobb-Douglas pro-
duction function under monopolistic competition and constant productivity ©,

Yj; = OK{N;

They hire capital and labor from a common market. Hence all firms have the same capital-labor
K . .

ratio N—ﬁ: = % and the same real marginal cost s;, such that the real wage w; = %f (the ratio of the

aggregate nominal wage W; and the price index for final output, P;) and the rental rate on capital

K

ry are equal, respectively, to

wy = s¢(1—a)OKIN™

K = sa@K!INIT®

We assume that prices are sticky a la Calvo and are fully indexed to inflation. With probability
1 — {p, firms are free to reset their price Pj;. From the financial intermediary, they face a menu
of stock prices pj; (Pjt) conditional on resetting their price to P, and they choose Pj; so as to

maximize the sum of stock price pj; (Pj;) and dividend

Dy = (Pf*_s>y-
Jt 2 )4

The fraction ¢, of firms that do not reset their price index it to the previous period’s inflation, so
that their price follows
Py =1L 1P (12)

where I1;_1 = P‘T;l . Appendix C.3 shows that optimal price-setting of firms, given the discount
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factor from (9), generates an indexed Phillips curve, which to first order is:

(1-2p) (1_1%> €p 1\ ep—1
T — M1 = ) Vp+€p_1IEt [;(1—14) <5t+k— : )] (13)

where 71; = log (I1;). As is well-known, a higher Kimball superelasticity v, > 0 results in larger

real rigidities, and a lower slope for the Phillips curve in (13). In the special case where ¢, = 0

and prices are fully flexible, all firms set the same price at a constant markup ee—fl over nominal
p

. . ep—1
marginal costs, and real marginal costs are equal to the constant ~—.
4

Capital firms. A capital firm owns the capital stock and rents it at rate rX. It faces adjustment
costs and one-period time-to-build in investment. When it has capital stock K; and pre-planned

investment Iy, this firm pays a dividend of

I
DK = KK, — I (1+s <t>>
It

where the investment adjustment cost function satisfies S(1) = S’(1) = 0,5”(1) = ¢, and it enters
the next period with a capital stock of

K1 = (1—08)Ki + I

At date t, it chooses investment for next period I;1 to maximize the sum of its dividend Df and its
stock price pK (Kiy1, I;11), taking as given the menu pX (-, -) of stock prices conditional on capital

. . . . opK .
stocks and investment levels. Appendix C.4 shows that, if we define Q; = E; [aﬁiﬁl } , investment

dynamics are characterized by the following set of equations:

It+1> I /(It+1> 1 (It+2>2 /<It+2)
1+S < + S = +E —= ) S == 14
I I I Qr 1+ re+1 \ 1 i1 (14
and ,
_ K o
Q: = [E; [1 e (T’t+2 +(1—-9) Qt+1):| (15)

Aggregate firm value. There is a mass 1 of outstanding shares in both intermediate goods and

capital firms. The arbitrage conditions (9) ensure that the shares in intermediate goods firms

are priced at p;; = ﬁlEt [Pjt+1 + Djs11] and the shares in capital firms are priced at pK =
17 E: [Dfy + pfi1]. Aggregate dividends are equal to
I
D; = /D]-tdj+ DK=Y, —wiL; — I (1 +S <1t>> (16)
-1
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and the value of the aggregate stock market, p; = [ pjdj + pX, satisfies the equation

1

pr = mEt [Dig1 + pry1] (17)

3.4 Unions

We follow standard practice in the New Keynesian sticky-wage literature and assume that house-
hold labor hours n;; are determined by union labor demand (Erceg, Henderson and Levin 2000,
Schmitt-Grohé and Uribe 2005, Auclert, Rognlie and Straub 2018). Specifically, we assume that
in each period ¢, each household i provides n;j; hours of work to each of a continuum of unions
indexed by j € [0,1], with nj; = [ n;;dj.

Each union j aggregates efficient units of work into a union-specific task Nj; = f Eie(sit)nijtdi.
A competitive labor packer then packages these tasks into aggregate employment services using
the Kimball technology implicitly defined by

]' @ Nt ]
-

where G/, (x) = exp {1 o }, and sells these services at price W;. Unions set wages a la Calvo,

resetting wages with probability 1 — {;, per period, and indexing to past price inflation when
they cannot reset wages, as in Smets and Wouters (2007). In every period, unions call upon their
members to supply hours according to a uniform rule, n;;; = Nj;. Whenever it can reoptimize, a
union sets wages to maximize the average utility of its members given this rule. In appendix C.5,

we show that union maximization leads to a Phillips curve for wage inflation, which to first order

Tt — 71 = - 'ngg)w(l ~u) e +€;Uw — 11Et [Zk: B <Sw,t+k - €w€; 1)] (18)

is:

SV (nyp)di
1—t)wy [ equ (cip)di
of labor to an average income-weighted marginal utility of consumption, divided by the net-of-tax

where 77, ; = log <WV:[_1>, and sy = (

is the ratio of the average marginal disutility

real wage. In the special case where ¢, = 0 and wages are fully flexible, all unions set the inverse
wage markup to the constant %

3.5 Government policy

The government issues long-term bonds B, collects labor income taxes 7; %N,JE [ége(s)] =T %Nt,

and spends on goods and services G;. Its budget constraint is

W,
q¢Bt + Tt?:Nt =G+ (1+6g:) Bi1 (19)

16



Given the lack of Ricardian equivalence in our model, the fiscal rule of the government matters.
Since our focus for the next section is on monetary policy rather than fiscal policy, we assume that

the government sets its spending at a constant
G=G

and follows a rule for the tax rate

ss (Btfl - BSS)

e (20)

T —T° =1yq
such that the tax rate rises when debt is above its long-run level, thereby eventually bringing
debt back down. The parameter 1 governs the speed of this adjustment. We consider several
alternative fiscal rules in section 5.3.

Finally, we assume that monetary policy follows a conventional inertial Taylor rule for the

nominal interest rate:

1o ) (1=p")¢
T+i = (1+7*) " (14i-1)° <P> (1+€")
-1
where 7 is the steady-state real interest rate, p™ € [0,1) is the persistence of the policy rate, and
€}" is a monetary policy shock. Given these elements, the definition of equilibrium is standard:

Definition. Given a stochastic process for the monetary policy shock €}, an initial nominal wage
W_1 and price level P_j, initial government debt B_;, an initial capital level K_;, and an initial dis-
tribution of agents Dg o (¢, a,a_y, s, k) in each fixed group g, a competitive equilibrium is a stochastic
sequence of prices { P, Wy, 1y, 7wt w, K, s, 11,78, 18, pr i, g1, Qi }, aggregates {Y;, Ny, I, Ky, Cy, Ly,
At, Gt, 1y, Dt }, individual policy rules {cg+ (€, a,a_,5,k) , Lgiv1 (€, a,a_k,5,k) ,ag11 (£, a,a_g,5,k) },
and joint distributions of agents Dy s (¢,a,a_y, s, k) such that households optimize, the financial in-
termediary optimizes, all firms optimize, unions optimize, monetary and fiscal policy follow their

rules, and asset markets clear:

Z pes(1 — G)Ok/ﬁDg,t (d¢,da,da_y,s,k) = Ly
g5k

Y pera(1— e)ek/apg,t (d0,da,da_y,s5,k) = A
g5k

Appendix C.6 shows that, when these conditions are satisfied, the goods market also clears:

I
Ci+ G+ L+ IS <1*> +eL1=Y;
t—1

which is a statement that aggregate demand for final goods—the sum of consumption, govern-
ment spending, investment including adjustment costs, and liquidity costs—must be equal to

total production of these goods.

17



Representative-agent model. It will be informative to contrast the predictions of our model
with those of a standard representative-agent model similar to Christiano, Eichenbaum and Evans
(2005) and Smets and Wouters (2007). For this comparison, the model we use is identical to that
described above, except that we replace the inattentive household sector in section 3.1 with a per-
fectly attentive representative agent with internal additive habits. We restrict this agent not to
invest in the liquid asset, so ¢/ = 0 at all times, and hence in equilibrium L; = 0.2 Hence, the

representative agent solves

Vi(a,c-) = maxu(c—yc_)+ BE Vi (a',¢)]

c,a

c+a =1+r)a+ 27

with no constraint on a, leading to an Euler equation described in appendix B.1. Given this, the
definition of equilibrium is straightforward. In what follows, we will refer to this model as the
“RA-habit” model, or RA model for short.

4 Estimating HANK

With the model set up, we are now ready to describe our estimation procedure.

4.1 Two-step estimation procedure

We follow a two-step procedure to estimate our model, very similar to the one followed by Chris-
tiano, Eichenbaum and Evans (2005). In the first step, we calibrate some parameters, including
all those that are relevant for the steady state of our model. In the second step, we estimate the
remaining parameters by matching impulse responses from an identified monetary policy shock.

The general philosophy guiding our calibration is that we are interested in the average trans-
mission of monetary policy over the last fifty years in the United States, from 1969 to the present-
day 2019. Whenever possible, our steady state captures the average macroeconomic environment
over this period. However, since there has not been much signal from monetary shocks in recent
years (see the discussion in Ramey 2016), our impulse responses to monetary policy shocks are
obtained using the original sample from Romer and Romer (2004), 1969 through 1996.

First step: Calibration. The left panel of table 2 summarizes the calibrated parameters of our

-1 .
model. Our households have constant CES utility over consumption u (¢) = Cll_vjl with an

EIS of v = 1, and a power disutility from labor v(n) = von " /(14 ¢ 1) with Frisch elasticity

of ¢ = 0.5. We set government spending to & = 16% of output, the average of government
consumption expenditures over GDP in the period from 1969 to 2019, and use v to normalize the
level of output in the no-inflation steady state to Y = 1. We assume that the annual steady-state

21Gjince the liquid asset delivers inferior average returns, under perfect foresight about future aggregates the agent
would endogenously choose not to hold it, and instead stay at the constraint ¢ = 0.
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Table 1: Calibrating permanent household heterogeneity

Household group g 1 2 3 4 5 6

Population share (ug) ~ Bottom 50%  Next20%  Next10% Next10% Next5%  Top 5%

Illiquid asset share 2.7% 7.0% 7.0% 13.0% 12.2% 58.0%
Labor income share 26.7% 18.3% 10.8% 14.4% 11.0% 18.8%
Discount factors (p.a.) 0.905 0.919 0.933 0.946 0.950 0.975

real interest rate is ¥ = 5%. This corresponds to the average combined real return on capital and
government bonds over the same period. We also assume an intermediation spread of { = —6.5%,
consistent with an average effective real return on deposits of —1.5%.%>

We assume G = 6 permanent household groups to capture the very uneven distribution of
illiquid asset holdings in the United States. Recall that, in the steady state of our model, all house-
holds within a group have the same amount of illiquid assets g, so there is no steady-state within-
group inequality in illiquid assets. Nevertheless, we aim to capture between-group inequality in
illiquid assets by appropriately selecting groups. We define these groups as cuts of the illiquid
asset distribution in the 2013 Survey of Consumer Finances (Bricker et al. 2014). We define illig-
uid assets to include retirement accounts, certificates of deposit, the cash value of life insurance,
savings bonds, and total non-financial assets net of mortgages on all residences. Households in
the bottom 50% of the illiquid asset distribution hold virtually no assets and comprise our first
group ¢ = 1. Group g = 2 contains the next 20% of households, groups ¢ = 3,4 each contain the
next 10% of households, and groups ¢ = 5, 6 contain the next 5% and the top 5% of households.
For each of these groups, we compute the share of total illiquid assets held by the group, as well
as the share of total labor income earned by the group, and report these shares in Table 1. The
table reflects the well-known fact that the distribution of illiquid assets is heavily skewed at the
top. For example, the bottom 50% of the illiquid asset distribution own only 2.7% of total illiquid
assets, though they earn 27% of total labor income. Conversely, the top 5% of the illiquid asset
distribution own 58% of illiquid assets, but earn 19% of labor income.

There is little evidence that MPCs vary systematically along the illiquid asset distribution. In-
stead, the evidence presented in the literature (for example, Johnson, Parker and Souleles 2006,
Misra and Surico 2014, Kaplan and Violante 2014, and Fagereng, Holm and Natvik 2018) is consis-
tent with the hypothesis that the average MPC is constant across the distribution of illiquid asset
holdings. Furthermore, as discussed in section 2, targeting an average annual MPC of 0.55 deliv-
ers a good fit for the path of iMPCs, our central “micro jump” target. These observations lead us
to calibrate our model to achieve an average annual MPC of 0.55 for each of our six permanent
groups, which we accomplish with group-specific discount factors B,, along with an aggregate
ratio of liquidity to GDP of £ = 0.23. The discount factors are reported in the last row of table 1.

Our process for gross income is a quarterly discretization of the process estimated in Kaplan,
Moll and Violante (2018), with one modification: we rescale the variance of innovations by one

22This corresponds to the average of the MZM own rate between 1974 and 2019, minus average realized inflation.
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Table 2: Calibrated and estimated parameters.

Panel A: Calibrated parameters Panel B: Estimated parameters
Parameter Value Parameter Value std. dev.

v EIS 1 0 Household inattention 0.935 (0.01)
o Frisch 0.5 ¢ Investment adj. cost parameter ~ 9.639 (2.428)
Bg Discount factors (p.a.) Table 1 Cp Calvo price stickiness 0.926 (0.012)
r Real interest rate (p.a.) 0.050 Cw Calvo wage stickiness 0.899 (0.016)
« Capital share 0.24 o™ Taylor rule inertia 0.890 (0.01)
7% Depreciation of capital (p.a.) 0.053 o™ Std. dev. of monetary shock 0.057 (0.005)
Hp Steady-state retail price markup 1.06

K/Y Capital to GDP (p.a.) 2.23

L/Y Liquid assets to GDP (p.a.) 0.23
¢ Intermediation spread (p.a.) 0.065

G/Y Spending-to-GDP 0.16

qB/Y Government bonds to GDP (p.a.) 0.42

1}:;1 5 Maturity of government debt (a.) 5
P Response of tax rate to debt (p.a.) 0.1
O Taylor rule coefficient 15

minus the ratio of within-group variance to total variance in order to maintain consistency with
the aggregate variance of log earnings in the data. To account for progressive taxation, we then
further scale down the variance of innovations by (1 — 0.18)2, where 0.18 is the degree of tax
progressivity in Heathcote, Storesletten and Violante (2017).

Our calibration for the supply side of the model is as follows, using averages over the 1969-2019
period for all targets. We assume an annualized rate of capital depreciation of dx = 5.3%, equal
to the average ratio of depreciation to private fixed assets. We calibrate a to achieve a capital-to-
output ratio of 223%, yielding & = 0.24. The value of government debt to GDP is set to 46%, and
the decay rate 6 of government bond coupons is set to match the average duration of US gov-
ernment debt of 5 years.”> We calibrate the fiscal rule parameter to ¢ = 0.1 following empirical
estimates from the fiscal rule literature (see appendix D.1).?* We calibrate aggregate household
wealth to GDP to 382%, its average in the data, then use this to back out the steady-state markup
tp- Since the ratio of the capitalized value of markups to GDP is (1 - Hip) 1 =382-223-046,
this gives y, = 1.06. Finally, we follow the standard procedure in the literature (e.g. Smets and

Lo e—fl, and a Kimball superelasticity for prices

Wouters 2007) of assuming a wage markup of ;=7 5

and wages of v, = vy, = 10.

Second step: Estimation. We estimate the remaining parameters by matching the impulse re-

sponses to identified monetary policy shocks, as in Christiano, Eichenbaum and Evans (2005). We

23The modified duration of bonds in the model is Hl_'}'i 5 so that, at an annual rate, § = (1+47) (1 — %) .
24 As discussed in appendix D.1, our quantitative results are not sensitive to ¢ lying within a wide but empirically

reasonable range.
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assume that in our model, the identified shocks correspond to iid shocks to the Taylor rule €}"
with standard deviation ¢™, which have endogenously persistent effects on i; through inertia in
the Taylor rule.

The set of parameters to be estimated then includes the degree of household inattention 6, the
curvature of the adjustment cost function ¢, the Calvo parameter for the stickiness of prices {, and
wages (y, inertia o in the Taylor rule, as well as the standard deviation of monetary shocks ™.
Collecting these parameters in the vector ¥ = (9, ¢, Cpr Cuw, pm,o'm)/, let J (¥) denote the model-
implied first-order impulse responses and J their empirical counterpart. Our estimator ¥ solves

min (1(%) -7) = (1(%) -7) @1)

where X is a diagonal matrix containing the estimated variances of the empirical impulse re-

sponses. We also compute an estimator V for the asymptotic covariance matrix of ¥ as

, N -1
0= (59 (9)>75 (%))
2]

where ;g (‘T’) is the Jacobian of J (¥) at ¥. In our application, we include in J the responses of
output Y;, consumption C;, investment I;, hours N, the price level P;, the nominal wage level W,
and the nominal rate 7;, truncating impulse responses at the 16th quarter.

This procedure can be implemented for any set of empirical impulse responses to an identified
monetary shock. We next present our baseline approach for obtaining these impulse responses.

4.2 The empirical response to a monetary policy shock

As our measure of monetary policy shocks, we use the shocks constructed by Romer and Romer
(2004) on their original sample (1969m3-1996m12). This is one of the leading approaches to iden-
tify monetary shocks in the data, and it delivers impulse responses which generally align well, in
timing and magnitude, both with the conventional view from central banks and with results from
alternative methods (see e.g. Ramey 2016).

To obtain impulse responses, we use a Jorda (2005) projection. This standard procedure has
the benefit of being able to recover the exact impulse responses in our model, provided that the
Romer-Romer shocks represent iid innovations to the Taylor rule €/".2°

We collect monthly data on eight standard macro time series: output, consumption, invest-
ment, hours, nominal prices, nominal wages, the nominal interest rate, and a measure of the real

interest rate that uses ex-post inflation.?® We then run a Jorda projection, which for a generic

2That is, given estimated parameters ¥, if we simulate enough data from the model with aggregate shocks described
in section 6, and run a Jorda projection on the innovations €}* in the model-generated data, then we recover J (‘T’) .

26Speciﬁcally, we use nominal GDP for Y;, nominal PCE for C;, and nominal investment for I, all deflated by the
GDP deflator in order to preserve accounting identities. We also use the log of hours of all persons in nonfarm business
sector for N, the log of the PCE deflator for P, the log of average hourly earnings of private production employees for
W;, the level of the Federal Funds rate for i;, and the difference between that rate and one-month-ahead PCE inflation
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Figure 3: Impulse response to a monetary policy shock vs. model fit
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Note. This figure shows our estimated set of impulse responses to an identified Romer and Romer (2004) monetary pol-

icy shock (dashed black lines, with dashed gray confidence intervals). The solid green lines are the impulse responses

implied by our estimated inattentive heterogeneous-agent model.

outcome such as Y; reads
Yiin =Jyel" + By X + th (22)

separately for horizons h = 1...T, up to T = 48 months, where €}" is the Romer-Romer series
and ¢ }fh is a regression error term. To control for the potential endogeneity of €} in practice, we
include in X; the set of controls that Ramey (2016) uses in her specification for figure 2, panel B:
lags of industrial production, unemployment, the consumer price index and a commodity price
index. We compute the standard deviation of ]A}[ using a Newey and West (1987) correction for the
autocorrelation in th. For ease of interpretation, we normalize the impulse responses of output,
consumption and investment to be in percentage points of output in the period before the shock.
We finally aggregate the impulse responses { ]AZ } and their standard deviations to the quarterly
level, and normalize them so that the impact fall in the nominal interest rate is equal to 25 bps.
This delivers the empirical impulse response matrix J that we use in our estimation.

The dark dashed lines in figure 3 display our impulse responses, with lighter dashed lines
indicating confidence intervals. Since actual inflation does not respond much on impact, the real
interest rate, which is not targeted, falls by about as much as the nominal interest rate. As antici-
pated, output, consumption, investment and hours follow the “macro hump” pattern that is also

documented in numerous alternative studies, with peak magnitudes that are also typical of those

for ex-post r¢. For series that are only available at the quarterly frequency, we interpolate to monthly frequency before
running the regression.
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found in other work, although here they occur after a somewhat longer delay. Prices and wages
take time to respond, do not rise at all initially, and the magnitude of their eventual increase is
small.?

4.3 Computational methodology

Our estimation procedure to match empirical impulse responses is very close to the one pop-
ularized by Christiano, Eichenbaum and Evans (2005): we simulate the model to first order in
aggregate shocks, and find parameters that minimize the distance between the model’s impulse
responses and their empirical counterparts in the sense of equation (21). This requires simulating
the model many times, one for each guess of the parameter vector Y. There are two features of our
model that make this computation challenging. First, we have heterogeneous agents rather than a
representative agent. Second, we have inattention—specifically, sticky expectations—rather than
full-information rational expectations.

Our methodology for simulating the model can be separated into two parts. The first part deals
with the simulation of a version of our model without sticky expectations, and draws on the tools
developed in Auclert et al. (2019). The second handles sticky expectations, and can be generalized
to other deviations from rational expectations. It is an important methodological contribution of
this paper.

Simulation without sticky expectations. To solve the full-information rational expectations model,
we use the method of Auclert et al. (2019), which solves for impulse responses as sequences fol-
lowing first-order, perfect-foresight (or “MIT”) shocks.?® Applying this methodology, we break
down the model into “blocks”, which take certain aggregate sequences as inputs and produce
other aggregate sequences as outputs. For instance, the Taylor rule block has sequences for infla-
tion 7t and the monetary shock € as inputs, and the nominal interest rate 7 as its output. We depict
all blocks in our model economy, and also provide a short summary of our method, in appendix
D.2.

The key computational objects in this method are the Jacobians J of each block—the deriva-
tives of its outputs with respect to its inputs. For example, one of the Jacobians of our household
block is J¢#, a matrix containing dC;/9dZ;, the model’s iMPCs discussed in section 2. In Auclert
et al. (2019), we provide methods to efficiently obtain all model Jacobians and combine them to
obtain impulse responses. A major advantage of this approach for estimation is that most of this
work does not need to be repeated across parameter draws. In particular, aside from the inat-

tention parameter 6, none of the parameters in ¥ affect the Jacobians of the household block.

2’For comparison, on average across the US estimates from the suite of models in Coenen et al. (2012), the peak
output response to a 25bp shock to monetary policy is around 0.125%, while the cumulative inflation response after 4
years is about 0.2%. But our impulse responses are more delayed than theirs, since for them, the peak output effect is
at 4 quarters and inflation starts to rise earlier.

2This merges Reiter (2009)’s approach of solving for equilibrium as a first-order linear system in aggregates with the
MIT shock approach in Boppart, Krusell and Mitman (2018).
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Therefore, in the rational expectations case = 0, we can calculate these Jacobians a single time

and reuse them on every parameter draw. This achieves a very large speed gain.

Including sticky expectations. We now introduce a method to deal with sticky expectations at
almost no extra computational cost.

To understand this approach, it is useful first to consider a different problem: how to handle
different permanent types of households, such as our types g € G in (5). This is straightforward to
handle using our sequence-space approach: we first calculate the Jacobians for each group indi-
vidually using the methods in Auclert et al. (2019), then take their population-weighted average
to obtain the Jacobians for the HA household sector as a whole.?

Our method to deal with sticky expectations proceeds similarly. At any point in time ¢, we
partition households into different groups: those that have learned about the date-0 shock at dif-
ferent times T < t, and those that yet have to learn about it. We can then aggregate across this
form of heterogeneity in the same way as with permanent types g: the aggregate response of all
households is the weighted sum across household groups 7, weighted by their frequency. Since
learning at date T has probability (1 — 6)67" and is orthogonal to idiosyncratic shocks, the aggregate
Jacobian relating output sequence o to input sequence i across all households is

J"=(1-0)) 07T (23)
=0

where %7 denotes the Jacobian for the group of households that learns about the shock to input
sequence 7 at date T.

To compute J°, we use the following insight. If T < s, the impulse response of a household
learning at date T about a date-s change in input i is the same as the impulse response of a house-
hold learning at date 0 about a date-(s — T) change in i, shifted by T periods. Moreover, if T > s,
then 7 is irrelevant since all households are aware that the shock has passed. Appendix D.3 shows
that, combining this insight with equation (23), we obtain the following recursion relating Jt‘fs’i to

the full-information Jacobian jt?s’l’F I'= [,’;’0:

0T 1+ (1 =0T £>0,5>0

t,s

0i _ 0,i,FI s—=0 (24)

t,s t,s

(1—0)J% -+ t=0,5>0

t,s

Given jtogi’F I, we can use (24) to build 7% with a simple operation for each entry. But tos’i’F !

is exactly what the the methods from Auclert et al. (2019) allow us to calculate efficiently. In

short, starting with the full-information Jacobian, we can calculate a modified Jacobian with sticky

29By contrast, this would be much more costly with a state-space solution method. In the Reiter method, for instance,
the cost of the bottleneck Schur decomposition would grow with the state space by a factor of |G|3, whereas the cost of
our method only scales with |G|. For the same reason, our sticky-expectations friction would be intractable in the state
space.
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expectations at almost no additional cost. Appendix D.3 shows how to generalize this approach
to other deviations from rational expectations.

Overall, then, our computational approach with sticky expectations is very similar to the ap-
proach without sticky expectations, with one additional step. Before beginning estimation, we
compute Jacobians [7%“F for the household block for all o, i, since this does not vary with any of
the parameters we seek to estimate. Then, during estimation, for each draw of a new 6 parameter
we apply (24) to obtain J.

4.4 Model fit

The model-implied impulse responses at our estimated parameters are depicted in the solid green
line of Figure 3. Overall, the model produces a good fit to the impulse responses. In order to
compare this outcome to the fit of representative-agent models, in appendix D.4 we also estimate
the RA-habit model, using the same procedure on the same set of impulse responses. Figure D.3
shows that this estimated RA model produces a similar set of impulse responses. Hence, the
macro fit of our model is comparable to that achieved by typical medium-scale representative-
agent models currently used for monetary policy analysis. Given the challenge that we posed
in section 2, we view the achievement of such an equally good macro fit while simultaneously
matching micro jumps as a clear success.

The right panel of Table 2 displays our parameter estimates. The Phillips curve parameters
suggest a significant degree of price and wage stickiness. The estimated Calvo parameter of price
stickiness is {, = 0.93, implying a 14-quarter average price duration, with the estimated Calvo
parameter for wage stickiness just a little lower. This is more price and wage stickiness than in
Christiano, Eichenbaum and Evans (2005) and Smets and Wouters (2007), but it follows directly
from our impulse responses: both prices and wages respond to the shock very slowly and with
small magnitude. Indeed, our estimated RA model with habits implies very similar levels of ,
and {;, (see table D.1).

Our estimated inattention parameters show a fairly large degree of inattention for households,
6 = 0.935, implying an average duration of macro inattention of 15 quarters. This is required by
our estimation procedure to match the delayed response of consumption, which peaks at nearly
the two-year mark. (For a similar reason, the RA-habit model requires a habit parameter of
v = 0.85). This value may be compared to direct estimates from Coibion and Gorodnichenko
(2012, 2015) and Coibion, Gorodnichenko and Kumar (2018) that speak to the quarterly rate of
persistence of expectations for inflation and the output gap. For example, Coibion and Gorod-
nichenko (2012) estimate a quarterly degree of information rigidity for inflation around 0.8 for
consumers and 0.86 for professional forecasters. These are below our estimate of 6—but note that,
as discussed in section 2.3, these estimates provide a lower bound for the value of 6 relevant for
our model, since they miss the fraction of agents that adjust their expectations, but do not act on
these adjusted expectations.
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Figure 4: Impulse responses with and without inattention
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Note. This figure shows the general equilibrium paths of output and consumption in our estimated HA model with
different assumptions on inattention. The solid green uses our baseline estimates of household inattention. The dashed
blue line is the impulse response when the inattention parameter is set to § = 0, holding all other parameters fixed at
their estimated value in table 2. The dotted dark blue line reestimates the model parameters without inattention.

4.5 The importance of inattention

With our estimated model in hand, we can determine the extent to which household inattention
is needed to match the impulse responses. In section 2, we argued that inattention was needed to
generate hump-shaped consumption responses to persistent income shocks. But our investment
adjustment cost specification implies that our model already features a general equilibrium source
of humps in income, via investment. One might conjecture that this income hump-shape would
translate directly into a consumption hump-shape, so that inattention is not needed after all.

This conjecture is incorrect, as we illustrate using two separate exercises. First, holding all
parameters at their estimated values, we switch off inattention in the model, setting 6 = 0. The
dashed light-blue line of figure 4 displays the resulting impulse responses of output and con-
sumption, with the solid line displaying our baseline impulse responses for comparison. The
consumption response has a counterfactual peak on impact. The reason is that, even though the
response of investment is delayed, perfectly attentive households have enough liquidity to bring
forward spending in anticipation of future changes in real interest rates and income.

Second, we reestimate the model to match the same empirical impulse responses, but this time
constrain inattention to be switched off at & = 0. The resulting im