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Abstract

I study analytically how the redistributive effects of aggregate shocks affect their transmis-
sion to macroeconomic variables in a New Keynesian model featuring household heterogene-
ity and partial insurance against idiosyncratic and aggregate shocks caused by borrowing con-
straints. I show that output responds more to contractionary aggregate shocks than to expan-
sionary aggregate shocks of equal magnitude. This asymmetry implies that smaller shocks are
capable of activating the zero lower bound on nominal interest rates, and that monetary policy
should be conducted asymmetrically, with stronger expansionary policy, in order to combat the
asymmetric transmission of shocks to output. Quantitatively, the mechanism aligns well with
historical evidence on the asymmetric responses of output to monetary policy shocks, and indi-
cates that policy makers should act more aggressively than conventional wisdom might suggest

in order to successfully combat the next recession.



1 Introduction

When households are heterogeneous and financial markets are incomplete, aggregate shocks af-
fect the distribution of output in addition to its level. In this paper, I study analytically how these
redistributive effects feedback into the transmission of aggregate shocks to the level of output. Un-
derstanding this feedback effect is vital for policy makers to be able to successfully stabilize the

economy in response to business cycle shocks.

The vehicle of my analysis is a heterogeneous agent New Keynesian (HANK) model. In my econ-
omy, households have ex-ante heterogeneous labor productivities and profit shares, and are also
subject to idiosyncratic labor productivity shocks. I extend the island structure of Heathcote et al.
(2014) in order to model financial markets that permit households to achieve partial consumption
insurance against idiosyncratic shocks, as in the data (Blundell et al., 2008). On the margin, I assume
that consumption insurance is limited by borrowing constraints, reflecting micro foundations such
as imperfect commitment (Alvarez and Jermann, 2000). The supply-side of the model is standard:
monopolistically competitive firms face price adjustment frictions, and nominal interest rates are

set according to a Taylor rule.

I show in closed form that output responds more to contractionary aggregate shocks than to expan-
sionary aggregate shocks of equal magnitude. Therefore, output responses are asymmetric. I show
that this mechanism holds for three shocks commonly studied in the New Keynesian literature:

monetary policy shocks, cost-push shocks, and TFP shocks.

When output responds to an aggregate shock, the change in aggregate income creates redistribu-
tion of income among the heterogeneous households, who then trade in financial markets to insu-
late their consumption from the shock. However, the binding borrowing constraint prevents some
households from increasing their consumption on the margin, and hence reduces aggregate demand.
This reduction then amplifies the transmission of contractionary aggregate shocks, but dampens the

transmission of expansionary shocks, thus creating asymmetric output responses in equilibrium.

This result has two implications for the design of monetary policy. First, the size of shock at which
the zero lower bound on nominal interest rates binds is smaller than in the economy without borrow-
ing constraints. Intuitively, the dampening of expansionary monetary policy implies that a larger
nominal interest rate cut is required to overcome a given contractionary shock (increases) to the

real interest rate.

Second, policy makers should respond more to falls in output in order to achieve symmetric output
responses. I show that an adjusted Taylor type rule that allows for asymmetric responses of interest

rates to changes in output attains symmetric output responses.

I then turn to the responses of inflation. In the case of monetary policy shocks, inflation inherits the

asymmetry of output, and responds more to contractionary shocks than to expansionary shocks.



This follows from the logic of the New Keynesian Phillips Curve (NKPC) that holds in my economy:
inflation is higher when output is higher. Since output responds more to contractionary shocks, so

does inflation.

In the cases of cost-push shocks and TFP shocks, inflation exhibits the opposite asymmetry, and re-
sponds more to expansionary shocks. This reversal occurs because of two opposing effects that these
shocks have on inflation. First, each shock directly affects inflation, where expansionary shocks
cause deflation due to lower marginal costs of production. Second, each shock indirectly affects
inflation via its effect on output. Crucially, the second channel offsets the first. For example, an ex-
pansionary shock directly creates deflationary pressure, which increases aggregate demand, which
in turn creates indirect upward pressure on prices. Since the second channel is stronger for contrac-
tionary shocks, the overall response of inflation must be larger for expansionary shocks, where the

offsetting effect is weaker.

I finish the paper by providing an initial quantitative assessment of the economic mechanism I
have analyzed. To do so, I exploit the simple numerical implementation that my model affords. In
particular, I show that the range of exposures of household consumption to changes in aggregate
consumption is a sufficient statistic for the asymmetry of output responses. This means that I do not
need to calibrate other model features such as income processes and the wealth distribution, which

greatly simplifies the numerical work.

For concreteness, I focus on the case of monetary policy shocks. Using micro data on household
consumption from the Consumer Expenditure Survey (CEX), I regress log household consump-
tion growth on log aggregate consumption growth, where I instrument for aggregate consumption
growth using identified monetary policy shocks from Coibon et al. (2017) to avoid contaminating
the regression with variation driven by other aggregate shocks. As a simple measure of ex-ante
heterogeneity, I group households by the education of the household head, and estimate a different
exposure coefficient for each group. I also show that such a grouping will underestimate the true

coefficient heterogeneity in the population of households.

I estimate a ratio of the largest coeflicient to the smallest of three. Through the lens of my model, this
ratio implies that output responds three times more to contractionary monetary policy shocks, than
to expansionary monetary policy shocks of equal magnitude. In order to contextualize this finding,
I compare it to the direct evidence for asymmetric transmission of monetary policy shocks, using
the local projection method of Jorda (2005). I find that contractionary monetary policy shocks are
five times more powerful than expansionary shocks. Therefore, the model is capable of accounting

for around 60% of the asymmetry.

At the core of my theoretical results is the interaction between redistribution created by aggregate
shocks, and incomplete consumption insurance mediated by borrowing constraints. I emphasize
that my results do not presume that households live in financial autarky in equilibrium. In contrast,

the island structure I adopt allows households to achieve partial insurance against the idiosyncratic



shocks and to partially undo the redistribution caused by aggregate shocks. Borrowing constraints

merely limit financial trade on the margin, after positive amounts of insurance have been attained.

The generality of my mechanism suggests that it is applicable to any aggregate shock, and im-
plies that recessionary episodes are more severe than expansionary periods of output growth. This
accords well with the recent evidence on the negative skewness of output growth, and its tight

relationship with financial conditions, as emphasized by Adrian et al. (2019).

Related Literature This paper contributes to three strands of the literature.

First, my paper contributes an analytical approach to the study of HANK economies. As noted by
the literature, the advantage of closed form analysis is that it helps to shed light on the precise
mechanisms at work in HANK economies that are usually prohibitively complex models that must

be solved using numerical methods.

The closest existing work to my paper is Bilbiie (2018). Bilbiie analyzes the transmission of mon-
etary policy under an extreme form of ex-ante household heterogeneity, in which one group of
households have access to complete insurance markets, while the other group is completely ex-
cluded and is forced to live “hand to mouth” (HtM), consuming their whole income in each period.
Within this setting, Bilbiie shows that interest rate policy is more powerful when the income share
of the HtM households is pro-cyclical. Intuitively, when aggregate income increases in response
to an interest rate cut, the HtM households receive disproportionately more of this increase. Since
HtM households consume the entire income gain, the indirect general equilibrium feedback from

aggregate demand into output is amplified, resulting in a larger overall response of output.

My analysis relaxes two key features of Bilbiie’s model. First, I allow all households to attain some
level of consumption insurance, thus bringing my model more in line with the data on household
consumption smoothing (Blundell et al., 2008; Heathcote et al., 2014). Second, I do not specify
exogenously which households exhibit HtM behavior, not the cyclicality of their incomes, but rather
let the general equilibrium of the model determine both features of the economy. Relaxing this
assumption proves vital for my main result that output responds more to contractionary aggregate
shocks. Intuitively, using borrowing constraints to create HtM households ensures that constrained
households receive the least of an increase in aggregate income, but are the most exposed to a decline

in aggregate income.

In addition to capturing relevant financial frictions such as imperfect commitment, an advantage
of my modeling approach is that it is consistent with the empirical evidence for asymmetric MPCs.
Recent work by Fuster et al. (2018) and Christelis et al. (2017) find that, across the income distri-
bution, households display high MPCs out of income losses, but low MPCs out of income gains.
Binding borrowing constraints are a simple way to rationalize these findings: after an income gain,

a household can save and move away from the constraint, and thus exhibits a low MPC. After an



income loss, however, the household may become borrowing constrained, and hence be forced to

lower her consumption a lot, thus exhibiting high MPC behavior.

In another tractable model, Acharya and Dogra (2018) present an economy in which all households
achieve some consumption insurance in equilibrium. However, to retain tractability, they endow
households with CARA preferences, rather than the CRRA specification most commonly used in
quantitative macro models. In addition, the focus solely on the role of idiosyncratic risk, and ab-
stract entirely from the possibility that households are ex-ante heterogeneous. My analysis com-
plements theirs by focusing on the effects of this important dimension of household heterogeneity,
and by developing a tractable economic environment that features CRRA preferences, and a model

of consumption insurance that directly builds on the empirical literature (Heathcote et al., 2014).

Second, my analysis offers clean insights on the effects of ex-ante heterogeneity for aggregate shock
transmission that should prove useful when calibrating more complex numerical models. For ex-
ample, the current frontier of these models (Kaplan et al., 2018; McKay et al., 2015) only model
household heterogeneity due to idiosyncratic shocks, and abstract from ex-ante heterogeneity and
the associated redistributive properties of aggregate shocks. My theoretical and empirical results
offer insights into the advantages of including such heterogeneity, and how to use data to discipline
the relevant model parameters. In this sense, my results complement those of Patterson (2018),
who shows empirically that households with high MPCs are also the most exposed to recessionary
declines in aggregate income, and that this correlation amplifies contractionary aggregate shocks.
My analysis provide a fully structural foundation for this correlation via borrowing constraints and

redistribution, and analyzes both expansionary and contractionary shocks.

In order to quantitatively assess my mechanism, I build on the growing body of empirical work that
emphasizes the importance of ex-ante heterogeneity in explaining the incidence of business cycle
shocks across households. My model economy can plausibly include the findings by Guvenen et
al. (2014, 2016, 2017) that business cycle fluctuations in aggregate income fall mostly on the tails
of the income distribution, and uses similar techniques to Parker and Vissing-Jorgensen (2009) and
DeGiorgi and Gambetti (2017) to measure the heterogeneous exposures of household consumption

to business cycle fluctuations in aggregate consumption.

Finally, my paper relates to the literature on occasionally binding borrowing constraints. In that
literature, a representative household faces financial frictions due to borrowing constraints in in-
ternational financial markets, or collateral constraints in capital or housing markets (for example,
Guerrieri and Iacovielli, 2017). Such constraints cause contractionary aggregate shocks to trans-
mit more powerfully than expansionary shocks, as I find here. Relative to this literature, my paper
shows how such an asymmetry at the macro level naturally follows from household heterogeneity

and market incompleteness at the micro level.



Outline The paper proceeds as follows: section 2 describes the economic environment. In section
3, I show how to simplify the equilibrium conditions to a set of four equations, and discuss my
key modeling assumptions. Section 4 establishes my main theoretical result on asymmetric output
responses to aggregate shocks. Inflation responses are analyzed in section 5. I estimate key model
parameters, and compare the implied output response asymmetry to the direct empirical evidence

for asymmetry in section 6. Section 7 concludes.

2 Environment

I study a New Keynesian economy augmented to allow for a rich description of household hetero-
geneity and corresponding consumption insurance opportunities. I first describe the the problems
that each type of agent solves and then define an equilibrium. I delay the discussion of my key

modeling features until after I have derived my analytical framework in section 3.

2.1 Households

There is a unit mass of households indexed by ¢ € [0, 1], who each have preferences over infinite

sequences of consumption {¢; +} given by

[ 1 t—1 C_l—a
E - ut
S ()
where p > 0 is a time discount rate, and the expectation is taken over sequences of shocks described

below.

Each household receives a unit endowment of labor, that they supply inelastically in every period.
When a household supplies her unit of labor, she supplies ¢; ; units of effective labor, where 0, ; is her
labor productivity in period ¢. Effective labor earns the nominal wage P,w; where P, is the nominal
price of the final consumption good, and w; is the real wage. I normalize the mean value of labor

productivity across all households to unity in each period, so that fol 0;+di = 1 for all ¢.

Households are subject to two sources of heterogeneity. First, each household has a fixed level of
long run labor productivity 6; > 0 around which 6; ; fluctuates, and a dividend share s; > 0.' Let the
vector v = (6, s) summarize this source of household heterogeneity, where v has distribution £,
with support T C R?. Second, labor productivity 6; ; is subject to idiosyncratic shocks as described

below.

IFixed dividend shares can be interpreted in at least two ways: first, as bonus payments on labor income, and second,
as reflecting prohibitively high costs of trading equity at business-cycle frequencies. I note that the structure of financial
markets that I introduce below will implicitly allow for some sharing of dividend income risk.



Island Structure and Idiosyncratic Shocks Before any markets open, the unit mass of house-
holds is partitioned into islands indexed by w € (2, where each island contains a continuum of
households. Each island is defined along two dimensions. First, by an ex-ante unknown sequence
of labor productivity shocks 7 = {n;’};~, that will apply to all island members. Second by a set
T C T that determines the possible values of v that a household located on island wcan draw,

where the probability distribution over v € T* is the suitably defined conditional distribution func-
tion F¥: F¥ () = Pr (v < z|v € T¥).

Households are subject to two types of idiosyncratic shocks to their labor productivity: island-
level shocks and individual-level shocks. Formally, for household ¢ located on island w, her labor

productivity evolves according to the process
log b, =log;, + 0y + ki + €4

Hence 0, ; fluctuates around 6;, with fluctuations due to island-level shocks 7, and individual-level

shocks ; + and €, ;. The island-level shocks follow an AR(1) process

w _ w n
M1 = Pl T €41

where the innovation €, is drawn from a distribution F,, with variance o that is common to all
islands, and initial values 1} are drawn from a distribution £}, ; that is also common to all islands.

The individual-level shock x; ; follows another AR(1) process

_ K
Rit+1 = PrRit + €t

where the innovation €, ; is drawn from a distribution F}; that is common to all households, and
initial values x; ; are drawn from a distribution F, ; that is also common to all households. Finally,

the individual-level shocks €;; are i.i.d. draws from a distribution F, that is common to all house-

holds.

The persistent-transitory nature of labor productivity shocks follows a long tradition in the macro-
labor literature that estimates statistical models for individual labor income. Furthermore, the em-
pirical evidence suggests that the persistent component of shocks to labor income is essentially
permanent in nature, so that it is most relevant to consider the case in which p,, p, — 1 (Storeslet-
ten et al., 2004; Guvenen et al., 2016). In particular, I will make use of the condition p,, — 1 in my

analytical results.?

I assume that a Law of Large Numbers can be applied to ensure that individual-level shocks wash

out within each island, and island-level shocks wash out across all islands. Aggregate shocks are

%Since 1 ultimately study the responses of aggregate variables around a stationary equilibrium without aggregate
shocks, I cannot set p,, = 1 since this precludes the existence of such a stationary equilibrium.



introduced below.

Financial Markets All assets in the economy are in zero net supply, and each household begins
life with zero positions in all assets. Following Heathcote et al. (2014), the structure of financial

markets allows for differential insurance opportunities against individual and island-level shocks.

Within an island, households can trade a complete set of Arrow-Debreu securities. Formally, let
Gy = (U, K41, €041, M1 Zt+1) index the realizations of shocks in period ¢ + 1 on island w, where
v € T¥ and Z, is a vector of aggregate shocks that will be defined shortly. Note that since (%,
contains individual-level shocks x;,; and €,,, realizations of ¢}, ; will differ across households on
island w due to variation in ;1 and €;4;. Given this, let B, , (Q"H) denote the quantity of claims
to one unit of consumption if ;" ; realizes in period ¢ + 1 purchased in period ¢ by household ¢ on

island w with current shock (. Let ¢’ (thH; ;"t) denote the price of this claim.

Between islands, financial trade is limited to only a nominal risk-free bond, which is also subject
to a no-borrowing constraint. Let b; ; denote the quantity of nominal risk-free bonds purchased by
household ¢ in period ¢t where a choice x;; is understood to be contingent on the realization he for

household ¢ on island w in period ¢. Each bond earns the gross real interest rate 1 4 7,1 given by

1+ bt—1
14r=—-—"
1+ Tt
. . . Pi—P_1 . . .
where ¢; is the nominal interest rate, and m; = % is inflation.

Household Problem Household 7 on island w solves

subject to

Cig + biy + /Qf (¢1:¢) Biw (CPo1) Aoy = wibiy + sidy + (14 14) big—y + Big—1 (%)
bir >0
[ B ace =0
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2.2 Final Good Firms

A representative competitive final good firm packages the unit mass of intermediate goods indexed

by j € [0, 1], using the CES production function

1 -1 FioT
Y:(/ 0 () dj)
0

where ®; > 1 is the elasticity of substitution across intermediate inputs, and is subject to aggregate

shocks. Taking the price of each input and the price of the final good as given, the firm solves

1 Py—1 % 1
max P, (/ v (4) ® dj) —/ pe(3) ye (5) dj
{v()} 0 0

Optimization yields a demand function for each intermediate good

() = (#)Y

! 1-® =
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0

2.3 Intermediate Goods Firms

and a nominal price index

Each intermediate good j is produced by a monopolistically competitive firm employing effective

labor E; (j) and an intermediate input M, (j) in the production function
20 (f) = A, ()" B ()"

where A; is aggregate TFP and is subject to aggregate shocks. The intermediate input is itself an

aggregate of all intermediate goods,

1 Py—1 T
M) = ( [ e dk)
0

so that demand for each intermediate input by firm j satisfies




Hence, total demand for intermediate £ is

:m(k>::(p3§»>—@tka

where

1
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0
In each period, firm j solves the cost minimization problem

min  BPM, (7)) +W,E, (]
M B G) t t(]) t t(J)

subject to
AM, () B, (7) 7% > x4 (j)

The FOCs yield the marginal cost of production

1 o1
me = ——————w;, “—
" (1—a)'™ " A

Each firm faces its own demand curve, and chooses its path of prices to maximize profits subject to

quadratic price adjustment costs (Rotemberg, 1982):

o o 1 e (j) ?(m@) )2
max E ) T - P wi - = ——1| BX
p(5) ! ; ! (pt ()2 (5) tozo‘ (1-— oz)l_a t Ay 2 \pi—1 () e

subject to

where, for simplicity, I assume that firms discount future profits using a stochastic discount factor
t—1 —o

driven by aggregate consumption, ; = (ﬁp % 2 I'focus on the symmetric equilibrium in

which p; (7) = Py, 2 () = Xo, e (§) = Yy, My (j) = M, and E; (j) = F; for all j € [0, 1]. In this

case, the aggregate dividend in period ¢ is given by

1 wlfa £p
d=x,(1- i _ S
! ! ( a® (1 — 04)170‘ Ay 2 Wt)

3This choice ensures that my model nests the representative household economy as a special case, as in Bhandari et al.
(2018). Furthermore, the choice of stochastic discount factor is innocuous for my theoretical results since I approximate
around an equilibrium in which the true stochastic discount factor is constant to first order.
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2.4 Monetary Policy

A monetary authority sets the nominal interest rate on the inter-island bond according to the Taylor

rule
. . Y, by
1+u= (1—|—T‘ )(1+7Tt) " (W) e't
where ¢, > 1, ¢, > 0, and v; is a monetary policy shock.

In this specification, 77 and Y7 are fixed target levels of the real interest rate, and output.

2.5 Market Clearing

In each period, the labor, final good, and asset markets must clear,

Etzl

1 gp
/ ¢ di =Y, <1 — —ﬂf)
’ 2
0
1
/ bz"td'l. - O
0

/Iw B; (Ctoil) di=0 VthH; w

where [¥ = {i : i € w} is the set of households located on island w.

2.6 Aggregate Shocks

Aggregate shocks affect aggregate TFP, the elasticity of substitution among intermediate inputs (the
source of so called “cost-push” shocks), and the innovations to monetary policy, all of which evolve
as AR(1) processes,

log A1 = palog A + (1 — pa) log A+ €f

log @141 = palog ®; + (1 — pg)log ® + €4
Vpr1 = polt + €44

where p,, ps,p, € (0,1), and {e?, € ef} , are iid. random variables, each with mean zero and
variance Y2. Due to their effects on inflation, and following the New Keynesian convention, I refer
to €2 < 0 as a positive cost-push shock and €F > 0 as a negative cost-push shock.* Given this, we

can set Z; = (A, 4, v;) as the vector of aggregate shocks.

‘Intuitively, €f > 0 increases the elasticity of demand faced by each monopolist producer, and hence causes firms
to lower their prices.
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2.7 Equilibrium

Definition 1. Given initial conditions {F},1, Fy. 1, Py}, an equilibrium is a sequence of allocations

{{CM, bit, Bix (4)},, Vs, Xy, My, B, dt}t and prices {v, P, w, {q (+)},,}, such that

1. {cit, bit, Biy (+)},, solve the household problem taking prices as given.

[\

. {Y}}, solve the final good firms’ problem taking prices as given.
3. {Xi, M;, E;, P}, solve the intermediate goods firms’ problem.
4. {d,}, satisfies the dividend equation.

5. {u}, satisfies the Taylor rule.

6. Markets clear at every time ¢t > 1.

3 A Four Equation New Keynesian Model

In this section, I condense the equilibrium to a set of four equations that fully characterize the re-
sponses of aggregate output, inflation, and household consumption to aggregate (and idiosyncratic)
shocks. This system is the natural extension of the much-studied three equation New Keynesian
model (Gali, 2015), extended to allow for a rich description of household heterogeneity and incom-
plete financial markets, and allows me to derive closed form expressions for the responses of output

and inflation to aggregate shocks.

3.1 Stationary Equilibrium

I will derive equations that express the dynamics of output, inflation, and household consumption
in terms of deviations around the stationary equilibrium in which there are no aggregate shocks
and prices are flexible (£ = 0). In this stationary equilibrium, aggregate prices and quantities
are constant, but household consumption paths and asset positions are still subject to idiosyncratic

shocks.

12



Definition 2. Assume that there are no aggregate shocks and that £ = 0. Given an initial price
level P, a stationary equilibrium is a set of allocations {{cm, bit, Bit (1)}, Y, X, M, E, d} and

prices {r, Py, w, {q¢¥ ()}wt} such that

1. {cit,bit, Bis ()}” solve the household problem.

2. Y solves the final good firms’ problem.

3. {X, M, E, Py} solve the intermediate goods firms’ problem.
4. d satisfies the dividend equation.

5. Markets clear at every time ¢ > 1.

Since prices are flexible in the stationary equilibrium, monetary policy is neutral. Given this, and
to ensure that inflation is zero in the stationary equilibrium (as required by the definition), I set
the interest rate and output targets in the Taylor rule to their values attained in the stationary

equilibrium: r¥ = r,and Y7 =Y.

The tractability of my framework allows me to explicitly characterize stationary equilibrium, thus
establishing its existence and uniqueness. The proofs of this and all other results are contained in

the appendix.

Lemma 1. The stationary equilibrium exists, and is unique.

3.2 Characterizing First Order Dynamics

In order to study the responses of endogenous aggregate variables to aggregate shocks, I follow the
New Keynesian literature and use first order approximations to express the dynamics of a variable
around its value in the stationary equilibrium (Gali, 2015). Therefore, I assume that aggregate shocks

are sufficiently small such that this approximation is valid.

Similarly, for tractability at the household level, I assume that the uninsurable idiosyncratic shocks
to household consumption captured by 7}’ are sufficiently small such that a first order approximation

around a household’s consumption level when 7}’ = 0 is valid.®

Furthermore, a robust feature of the empirical literature on idiosyncratic shocks to household in-
come and consumption is that the persistent component of idiosyncratic shocks (both insurable

and uninsurable) is essentially permanent in nature. To capture this for uninsurable shocks, I take

SComparing the relevant empirical evidence (e.g. Heathcote et al. (2014) for 072], and Smets and Wouters (2007) for
¥2) suggests that o, is an order of magnitude smaller than ¥, so that if first order approximations are valid in the

aggregate time series, then they are valid in individual time series.

13



py — 1, which implies that (1 — p,)) 7y’ is an order of magnitude smaller than 7;’ itself. Since the

ki shocks are fully insured against, I leave p,, unrestricted.
These conditions are summarized in the following assumption.

Assumption 1. Let ¥% — 0, 0,27 — 0, and p,, — 1.

The following proposition contains a set of equations that are necessary and sufficient to charac-
terize the equilibrium dynamics of output and inflation in response to aggregate shocks, expressed
in log deviations around the stationary equilibrium in which inflation is zero. The proposition also
establishes the dynamics of household consumption, where I express consumption at the island level
since the complete markets structure ensures that all households located on a given island achieve
the same consumption path in equilibrium. I use the notation 3; = log Y; —log Y to denote log devia-
tions of aggregate output from its stationary equilibrium level, and ¢,,; = log ¢,,; — log ¢,, to denote
log deviations of household consumption on island w from its level in the stationary equilibrium

when 7;” = 0. Similarly, I define o, = log ®; — log ® and a; = log A; — log A.

Proposition 1. Under assumption 1, the economy’s first order equilibrium dynamics in response to

aggregate and idiosyncratic shocks satisfy the system

L =71+ QrT + Oyl + vy

T = Py — Patts — Po®; + B, [mi41]

1+p
Cot = BLY: + Boar + Blny Yw
. N . 1
min {E¢ [Cotr1] — Con} = s (1t = By [mi41] — p)

where {3Y, B%, B}, and ¢y, @a, 0o > 0 depend only on model primitives.

¢= > 1 and ¢, > 0 are sufficient conditions to ensure that the system has a unique steady state with

Jr =0 andm = 0.

The first two equations of proposition 1 are standard features of New Keynesian models. The first
equation is the log-linear Taylor rule for the nominal interest rate, which is subject to monetary

policy shocks v;.

The second equation is the New Keynesian Phillips Curve (NKPC) linking inflation, output, and
aggregate shocks to TFP and the elasticity of substitution parameter ®, (the source of so-called cost-
push shocks). Intuitively, if output is higher today, firms face higher marginal costs of production
ceteris paribus, and so will optimally choose to raise their prices, leading to inflation. Conversely,
a positive TFP shock lowers firms’ marginal costs, and thus results in lower optimal prices and

deflation. Similarly, a positive shock to ®; lowers firms’ price-setting power since the intermediate
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goods become closer substitutes in final good production. As such, firms are forced to lower their
prices closer to marginal cost, which results in deflation. Given this logic, I refer to (iDt > (Qasa
negative cost-push shock (since prices fall in response), and d, < 0asa positive cost-push shock

(since prices rise in response).

The third equation characterizes the dynamics of per-capita consumption on island w, and indi-
cates the three sources of variation in equilibrium consumption: changes in output ¢; caused by an
aggregate shock, direct effects of aggregate TFP shocks a;, and the direct effect of the island-level
component of idiosyncratic income shocks 7;’". Note that the presence of complete markets on each
island implies that each of these channels has the same effect on consumption for every household

on each island, so that the coefficients {5Y, 5%, 5"} do not depend on i.

I show in the appendix that {5, %, 5} are expressible in terms of primitive parameters as

(P-—a(®-1)1-a)(®-1)*+s*(1—-(1—a)®)
a (1—a)(®—1)6v+ s
B (L2) (s - 0°)

(1—a)(®—1)6v+s

(I—a)(®—1)6
(I—a)(®—1)6%+s

8o =

go = (1)

9=

Jrw Oidi o [rw sidi

w
where 0¥ = Todi = Y

are the island-level mean labor productivity and dividend share

respectively.

Heterogeneity in {$Y} captures the redistributive nature of changes in aggregate income. It is
straightforward to see that an increase in output causes consumption on island w to increase when
d_ L
VS0 = 00> 1
b o —1
i.e. when mean labor productivity is sufficiently large relative to the mean dividend share. Intu-
itively, an increase in output causes wages to rise and dividends to fall ceteris paribus, since firms’
labor demand increases. This benefits islands with households who depend on wage income more

than non-wage income, i.e. islands on which 6* is sufficiently large relative to s*.

The fact that TFP shocks directly affect household consumption reflects the fact that TFP shocks
redistribute income, even if total income is unchanged (g, = 0). For example, a positive TFP shock
lowers firms’ marginal costs since they do not require as much labor to produce the same level of
output. As such, the wage share of income falls, and the dividend share rises, holding total income
fixed. Given this, it is natural that a positive TFP shock directly causes consumption on island w to
increase when

Bl >0 <= s >0"
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i.e. when the mean dividend share is larger than mean labor productivity, so that households on

island w are, on average, more dependent on non-wage income than wage income.

Finally, even in the absence of aggregate shocks (y; = a; = 0), household consumption varies with
the uninsurable component of idiosyncratic income shocks 7;’. Naturally, a positive island-level
shock to labor productivity causes consumption to increase since households on island w receive
more wage income,

BlI>0 <= 6*>0

Recall that in equilibrium, households located on the same island will achieve full insurance against
idiosyncratic income shocks «; ; and ¢; 4, so that they do not affect household consumption on island

w.

The forth equation is the consumption Euler equation for my economy, and captures the effect that
the borrowing constraint has on inter-island trade in equilibrium. Formally, it says that equilibrium
adjustments in the real interest rate are tied to the consumption responses of households with the

lowest expected consumption growth.

To understand this condition, note that households’ optimal bond positions are shaped by two mo-
tives. First, households substitute intertemporally in response to changes in the real interest rate:
when the real interest rate increases, household will substitute consumption today in favor of con-
sumption tomorrow. The strength of this motive is governed by the elasticity of intertemporal

substitution %, and is the same for all households.

Second, a household will use the bond in order to smooth her consumption, as captured by her ex-
pected growth rate, E; [¢,,++1] — ¢, For example, if a household expects her income to fall over
time, she will use the bond to save today, at any given real interest rate, in order to insulate her
consumption path against her temporal income variation. In contrast to the intertemporal substitu-
tion motive, the consumption smoothing motive is in general heterogeneous across households on

different islands due to uninsurable idiosyncratic shocks, and the redistributive nature of aggregate

shocks.

In equilibrium, these two motives must offset so that the aggregate households bond position is
zero. However, the presence of borrowing constraints implies that the bond market will clear when
unconstrained households, who have the strongest motive to save on the margin, choose zero bond
holdings, and all other households are borrowing constrained. In other words, only the Euler equa-

tion for unconstrained households needs to hold in equilibrium.

Since the first saving motive is uniform across households, unconstrained households must have the
strongest second motive to save, i.e. they must have the lowest expected consumption growth among
all households. Therefore, the equilibrium Euler equation contains the lowest expected consumption

growth among all households.

16



3.3 Discussion of Key Model Features

Having exploited the tractability of my framework to condense the equilibrium dynamics into a

system of four equations, I now discuss the key features of my model in more detail.

Island Structure 1build on Heathcote et al. (2014), and use an island structure to retain tractabil-
ity while allowing for a rich description of household heterogeneity and for partial insurance against
idiosyncratic and aggregate shocks. At the individual level, the sharp dichotomy between the insur-
ability of x;; and €;; shocks and the uninsurability of 7y’ shocks captures the fact that households
achieve large amount of insurance against transitory income shocks (Blundell et al., 2008), but only
partial insurance against persistent income shocks. As shown in Heathcote et al. (2014), the extent
of the partial insurance against persistent income shocks is determined by the relative variances
of k;; shocks and 7y’ shocks: if O’% is zero, then there is full insurance against persistent shocks,
while if 02 > (), then there is some component of the persistent shocks that is uninsurable. Hence
overall insurance against persistent income shocks is partial. The empirical exercise in Heathcote
et al. (2014) shows how consumption and income data can discipline the extent of partial insurance

against idiosyncratic shocks that households achieve in reality.

I extend the island structure by allowing households to achieve partial insurance against their fixed
characteristics captured by v = (6, s). In my construction, the extent of partial insurance against v is
determined by the range heterogeneity in v that exists on an island, as captured by the island-specific
support T*. If T¢ is a singleton set, then all households on island w have the same v and so cannot
achieve any insurance against their fixed characteristics using within-island financial markets. At
the other extreme, if T = 7T for all w, then all islands contains the full range of heterogeneity in
v, and all households can hence achieve full insurance against their fixed characteristics using only

within-island assets.

Heterogeneity in v implies that households are heterogeneously exposed to aggregate shocks, which
therefore have redistributive consequences. Hence, partial insurance against v translates into partial
insurance against these redistributive effects. For example, if T = T for all w, then all households
on all islands will achieve full insurance against v, and aggregate shocks will not have redistributive

consequences in equilibrium.

In principle, similar techniques to those used in Heathcote et al. (2014) together with data on het-
erogeneity in long-run values for consumption and income and their co-movements with aggregate
consumption and income could be used to infer the extent of insurance against v, and hence the
pattern of YT“ across islands. I stress that my theoretical results do not depend on any particu-
lar assumptions about {Y“},. Instead, I highlight how different levels of insurance can affect the

transmission of aggregate shocks.
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Borrowing Constraints The fact that I rule out inter-island trade in equilibrium is consistent
with the dichotomy between uninsurable and insurable shocks that I exploit to make my model
tractable. Crucially, I do not rely on a “no-trade” result to ensure that households do not want to
trade the inter-island bond, but rather explicitly prevent households from doing so using borrowing

frictions.

This choice reflects two considerations. First, the presence of business cycle shocks, which are
only temporary by construction, makes “no-trade” theorems, which rely on the permanent nature
of uninsurable shocks (Heathcote et al., 2014), inapplicable in my setting. Second, the presence of
binding borrowing constraints generates a tight link between interest rates and the lowest expected
household consumption growth that is a standard feature of asset pricing models with solvency
constraints (e.g. Alvarez and Jermann, 2000). As shown by that literature, these constraints can be
thought of as a mechanism for decentralizing constrained efficient allocations in the presence of
participation constraints when there is a risk that households from a particular island will default

on their borrowing from another island.

I also note that the no-borrowing constraint is not the same as exogenously imposing autarky be-
tween islands. Instead, the limit on borrowing still requires that prices and quantities adjust in equi-
librium so that the bond market clears. In particular, the adjustment must be such that households
who wish to save in equilibrium optimally choose zero savings. Therefore, this assumption buys

tractability without losing the key transmission mechanism from interest rates to savings choices.®

Irrelevance of wealth as a state variable An important feature of my model is that household
consumption does not depend on household wealth independently of output, TFP shocks, and the
uninsurable idiosyncratic shocks to labor productivity. This is in sharp contrast to standard in-
complete markets models, in which household choices depend on wealth explicitly, and the wealth

distribution must be solved for numerically.

The redundancy of wealth as a state variable follows from the island structure and borrowing con-
straints that restrict inter-island financial trade. First, the presence of complete markets within an
island implies that household allocations can be solved without referring to wealth, as the solution
to a planning problem as in Heathcote et al. (2014). Second, the tight borrowing constraints prevent
households from making inter-island trades, so that the inter-island wealth distribution remains
degenerate at zero. As discussed above, this degeneracy is not as restrictive as it first seems, since
households’ desires to make inter-island trades depend on the heterogeneity in the supports T*
across islands w € (). For example, if Y = T for all w € (2, then the incentive to make inter-island
trades would be identical across islands, so that all households would optimally choose a zero bond

position in equilibrium, and the borrowing constraints would not bind. Therefore, the borrowing

®Werning (2015) uses a similar assumption to analyze how the cyclicality of idiosyncratic risk affects the power of
forward guidance.
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constraint is best interpreted as constraining financial trade on the margin for a given set of supports

{1}

First Order Approximations In order to obtain analytical insights, I assume that the uninsur-
able idiosyncratic shocks are sufficiently small such that first order approximations are valid. This
approach rules out second order phenomena, such as the cyclicality of uninsurable idiosyncratic
income risk, that may also affect the responses of aggregate variable to aggregate shocks. For exam-
ple, analysis by Braun and Nakajima (2011), Werning (2015), and Acharya and Dogra (2018) show
how countercyclical idiosyncratic income risk is a force for larger responses of output to both con-

tractionary and expansionary monetary policy shocks.

An important insight of these analyses is that the cyclicality of income risk manifests itself as a
source of shocks to the discount rate of households. Intuitively, when output increases and income
risk is countercyclical, the strength of the precautionary savings motive decreases, so that house-
holds behave as if they are more impatient and have a higher discount rate. Therefore, it is possible
to extend my analysis to include this risk channel by specifying a reduced-form relationship between
the discount rate at the path of output. However, since the risk channel is symmetric in the sign of
the aggregate shock, it does not affect the asymmetry that I am ultimately interested in. Hence I

abstract from this extension here.

4 Output Responses to Aggregate Shocks

In this section, I obtain analytical expressions for the responses of output to aggregate shocks, and
show that output responds more to contractionary aggregate shocks than to expansionary aggregate
shocks of equal magnitude. For expositional clarity, I begin with monetary policy shocks, and then
consider cost-push and TFP shocks. I focus on output responses in this section, and consider the

corresponding inflation responses in section 5.

The equilibrium system derived in proposition 1 is inherently non-linear due to the presence of
potentially binding borrowing constraints. As such, closed form expressions for impulse responses
are unattainable. Therefore, in order to make progress analytically, I study the responses of output to
so called “MIT” shocks. Such shocks are one time, zero-probability events, after which the economy

transitions deterministically back to the steady state of the system.

In my economy, incomplete risk sharing results in heterogeneous exposures of household consump-
tion to fluctuations in output, as summarized by the heterogeneity in the {5Y} coefficients. It turns
out that this heterogeneity has implications for both the existence and uniqueness of responses that

I am interested in. Therefore, I now state a condition that ensures that all responses exist and are
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unique. I delay the interpretation of this condition until after I have studied the responses them-

selves.

Assumption 2. Define 3¥ = min,, {84}, and assume that 8 + 1 (¢, + ¢,) > 0.

Unless otherwise stated, I impose assumptions 1 and 2 from now on.

4.1 Asymmetric Output Responses to Monetary Policy Shocks

Suppose the economy is initially in the steady state (stationary equilibrium). Consider the response

of output to a one time, zero probability, monetary policy shock of the form v; = p!~1v;.

Proposition 2. The first order transitional dynamics of output in response to a monetary policy shock

are given by
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where

A" = max {5}
B = min {57}

BY > (Y implies that output responds more to a positive (contractionary) monetary policy shock

than to a negative (expansionary) monetary policy shocks of equal magnitude.

The asymmetry follows from the interaction of the redistributive effects of the monetary policy
shock, and the borrowing constraints that limit inter-island asset trade in equilibrium. This inter-

action is captured by the third and forth equations of proposition 1.

Consider first an expansionary monetary policy shock, that causes output to increase in equilib-
rium. Because households are ex-ante heterogeneous, the increase in aggregate income is not
spread equally among the population of households, so that households whose incomes increase
the least will try to borrow from other households. However, such households become borrowing
constrained, preventing financial trades from occurring, so that household consumption paths in-
herit the redistributive consequences of the aggregate shock. This redistribution is captured by the
heterogeneity in the {3Y} coefficients in the third equation of proposition 1. Furthermore, borrow-
ing constrained households cannot increase their consumption, dampening the overall increase in

aggregate demand, and hence dampening the equilibrium response of output to the shock.
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In response to a contractionary monetary policy shock, output falls in equilibrium. In this case,
heterogeneity implies that households whose incomes fall the most will try to borrow from other
households. Borrowing constraints again cause consumption to inherit the redistribution of income
caused by the aggregate shock, and imply that constrained households cut their consumption caus-

ing a fall in aggregate demand that amplifies the overall decline in output.

It is striking that uninsurable idiosyncratic shocks do not appear in the expressions for the output
responses. To understand their absence, consider the forth equation of proposition 1, which states
that Euler equation only holds for households with the lowest expected equilibrium consumption
growth. To first order, the contribution of idiosyncratic shocks to a household’s expected consump-
tion growth is given by

Bl (Be [ ] =) = B2 (1 = py) = 0

where the approximation follows from the fact that p, — 1 under assumption 1. In other words,
when the uninsurable idiosyncratic shocks that transmit to consumption are very persistent (as is the
case empirically), their first order contribution to expected consumption growth is zero. Intuitively,
households do not expect their consumption to change due to uninsurable idiosyncratic shocks, and
so do not need to trade the inter-island bond in response to such shocks. The fact that permanent
uninsurable idiosyncratic shocks do not induce inter-island trade is at the core of the tractability
obtained in Heathcote et al. (2014).

In addition to idiosyncratic shocks, household consumption is subject to aggregate shocks via their
effects of aggregate income ;. Furthermore, the heterogeneity captured by the {5}, coefficients
implies that households’ consumption paths are heterogeneously exposed to changes in aggregate

income.

Therefore, in equilibrium, a household’s expected consumption growth is determined solely by her
consumption exposure to the change in output. The first order contribution of changes in aggregate

income to a household’s expected consumption growth is given by

5{3 [Et [Z)t+1] - Z)t] = - (1 - Pv) Bfiz)t

where the equality follows from the fact that E; [§;.1] = p.U; along the transition path after the
MIT shock has hit the economy. Therefore, the identity of the household with the lowest expected
consumption growth depends on whether the aggregate shock is expansionary (y; > 0) or contrac-

tionary (y; < 0).

Consider first an expansionary monetary policy shock (v; < 0) that raises output, so that g, > 0.
In this case, the households with the lowest expected consumption growth must have the largest
consumption exposure coefficient, 3¥ = max, {/3%}, and hence experience the largest increase in

consumption among all households. Since these households are unconstrained in equilibrium, their
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consumption increase must be proportional to the decline in the real interest rate caused by the
monetary shock, as stated by the Euler equation. Since the largest increase in household consump-
tion is proportional to the decline in the real interest rate, the equilibrium increase in output must

be less than proportional to the decline in the real interest rate.

Now consider a contractionary monetary policy shock (v; > 0) that lowers output, so that ; < 0.
In this case, the households with the lowest expected consumption growth must have the smallest
consumption exposure coefficient, ¥ = min,, {3}, and hence experience the smallest decrease in
consumption among all households. Since these households are unconstrained in equilibrium, their
consumption decrease must be proportional to the increase in the real interest rate caused by the
monetary shock, as stated by the Euler equation. Since the smallest decrease in household consump-
tion is proportional to the increase in the real interest rate, the equilibrium decrease in output must
be more than proportional to the increase in the real interest rate. Hence, output responds more to

contractionary monetary shocks than to expansionary monetary shocks of equal magnitude.

4.2 Asymmetric Output Responses to Cost-Push Shocks

Cost-push shocks are a source of variation in inflation that is exogenous to changes in real activity,
and play an important role in explaining economic data using medium-scale New Keynesian DSGE
models (Smets and Wouters, 2007). In this section, I study their transmission in my economy, and

highlight the similarities and differences to the transmission of monetary policy shocks.

Consider the response of output to a one time, zero probability, cost-push shock of the form @, =
-1

pq) (bl.

Proposition 3. The first order transitional dynamics of output in response to a cost-push shock are

given by
( (br—pa) Tral—pa 114 & 0
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BY = max {3}
f = min {57}

The asymmetry of cost-push shocks follows from the fact that a positive cost-push (@, < 0) shock
creates inflation which causes interest rates to rise via the Taylor rule, while a negative cost-push

shock (Cin > () causes interest rates to fall. These interest rate movements then initiate the same
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mechanism as in the monetary policy shock case, causing output to respond more to the contrac-

tionary movement than to the expansionary movement.

4.3 Asymmetric Output Responses to TFP Shocks

In this section, I analyze the responses of output to TFP shocks. The key insight relative to monetary
and cost-push shocks is that changes in the level of technology have distributional consequences
which feed into the general equilibrium responses of aggregate variables when households are het-

erogeneous and financial markets are incomplete.
Consider the response of output to a one time, zero probability, TFP shock of the form a; = p.'a;.

Proposition 4. The first order transitional dynamics of output in response to a TFP shock are given by
C;_pg_ldl lf a; >0
C_pt_lCALl lf a <0
y Fa

where ¢, > c;, and cy 2 0. c; and c, are the unique solutions to the non-linear equations

| 1+p _ 1 L+p
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The fact that ¢, > ¢ implies that output responds more to contractionary TFP shocks than to
expansionary TFP shocks of equal magnitude. Therefore the output responses exhibit the same

asymmetry as in the monetary shock and cost-push shock cases.

The response of output to a TFP shock is determined by two forces. First, TFP shocks affect firms’
marginal costs and hence their optimal prices, thereby affecting inflation, and interest rates via the
Taylor rule. Second, the change in marginal costs caused by a TFP shock endogenously changes

the shares of total income that flow to labor in the form of wages, and non-labor in the form of

J’_

dividends. The presence of the second channel makes explicit solutions for ¢,

and (N unattainable.

Consider a negative TFP shock, a; < 0. The first channel is as follows: a decrease in productivity
increases firms’ marginal costs of production, which causes them to raise their prices, creating infla-
tion. This inflation causes interest rates to rise via the Taylor rule, which causes output to decrease
via the same mechanism as in the monetary shock case. The asymmetry built into that mechanism

implies that the decrease in output will be relatively large.
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The second channel reinforces the fall in output. The increase in marginal costs endogenously
redistributes income towards wages from dividends, and so causes households who depend mainly
on labor income to save in equilibrium. This is captured by the 3 term inside the min operator of
the ¢, equation: households with smaller 3/ coefficients have smaller dividend shares, and hence

benefit more from the negative TFP shock.

In isolation, the endogenous redistribution caused by the TFP shock is a force for output to fall in
equilibrium. Intuitively, saver households’ current consumption must be consistent with the fact
that interest rates are unchanged. Therefore, the increase in consumption due to the negative TFP
shock must be offset by a decline in consumption due to a drop in aggregate income, i.e. output.

Therefore, both channels force output to drop in response to the negative TFP shock.

When the TFP shock is positive, a; > 0, the first channel is as follows: an increase in productivity
lowers firms’ marginal costs of production, which causes them to lower their prices, creating defla-
tion. This deflation causes interest rates to fall via the Taylor rule, which causes output to increase
via the same mechanism as in the monetary shock case. The asymmetry built into that mechanism

implies that the increase in output will be relatively small.

The second channel now works in the opposite direction to the first. The drop in marginal costs
endogenously redistributes income from wages to dividends, and so causes households who depend
mainly on non-labor income to become savers in equilibrium. This is captured by the 52 term inside
the max operator of the ¢, equation: households with larger 3% coefficients have larger dividend

shares, and hence benefit more directly from the positive TFP shock.

In isolation, this channel is a force for output to fall in equilibrium since the equilibrium consumption
response of saver households must be consistent with the fact that real interest rates are unchanged.
Therefore, the increase in consumption of savers due to the positive TFP shock must be offset by
a decline in consumption due to a drop in aggregate income, i.e. output. Therefore, the second
channel offsets the first, and results in a smaller increase in output in response to the positive TFP

shock, thus establishing the asymmetry of responses.

In extreme cases, it is possible for the second channel to dominate the first, so that output actually
falls in response to a positive TFP shock, and a technology improvement has contractionary effects.’

To see when this is a plausible outcome, solve the equation for ¢,/ to get

o — 7 (@n = pa) 15,250 — (1= pa) Bs
(1= pa) B+ £ (62 = pa) 20y + 0,

where wt = arg max,, {3%¢;” + % }. This expression shows that ¢ is negative when %‘bf—__p% ﬁ%@a <

3¢ +. This inequality holds when a few households receive the bulk of the increase in dividends that

"The fact that both channels go in the same direction for negative TFP shocks rules this possibility out when a; < 0.
Hence ¢, > 0, as per proposition 4.
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results from a positive TFP shock, so that 32, is large and positive, and when the response of the
monetary authority to the deflation created by the positive TFP shock is sufficiently weak, so that ¢,
is small (and positive). In this case, the fall in aggregate demand that results from these households
choosing to save their additional income can overturn the increase in output stemming from the
monetary response to the improvement in productivity. This possibility is particularly pronounced
when the transmission from TFP shocks into inflation is weak, so that ¢, > 0 is small, or when the

TFP shock is not very persistent, so that p, — 0.

Previous work by Basu et al. (2006) has argued that technology improvements do indeed have con-
tractionary short-run effects in the data. The mechanism I have highlighted here therefore offers
a theoretical justification for such empirical findings, that complement the mechanisms outlined
in that paper. In addition, it links the contractionary nature of positive TFP shocks the extent of
inequality in the economy, since technology improvements are more likely to contractionary when
there exists a few households who receive the lion’s share of the increase in dividends that results

from the shock.

4.4 Lessons for Monetary Policy Design

At the heart of the output asymmetry mechanism is the fact that borrowing constraints cause inter-
est cuts to transmit less powerfully than interest rate hikes. This fact has two implications for the

design of monetary policy in response to aggregate shocks.

Binding Zero Lower Bound Consider an aggregate shock that, ceteris paribus, causes the real
interest rate to rise. The response of monetary policy is to cut the nominal interest rate so that
the real interest rate does not rise as much in equilibrium. However, the strong transmission of
increases in the real interest rate implies that the size of the nominal interest rate cut called for by
the Taylor rule is larger for a given size of aggregate shock. Therefore, the size of shock at which
the nominal rate response implied by the Taylor rule becomes negative, and the zero lower bound

binds, is smaller in the presence of binding borrowing constraints.

Formally, consider the economy’s response to cost-push shocks in the presence of a nominal interest

rate rule adjusted for a zero lower bound constraint,
ty = max {r + ¢ m + ¢y, 0}

Using the equilibrium responses of output and inflation to a cost push shock that raises the real
interest rate directly, ®; > 0, we can derive the equilibrium response of nominal interest rates, and

hence compute the shock size at which the zero lower bound constraint binds.
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Proposition 5. Consider a one time, zero probability cost-push shock with zero persistence. The zero

lower bound constraint binds if and only if

P+ (dnipy + &) 55 2P
¢7r§0<1>

Dy > Py =

where ® ;1 is decreasing in [3Y.

Intuitively, when Y is larger, the transmission of expansionary monetary policy is weaker, and
larger nominal interest rate cuts are required to overcome a given increase in the real interest rate
caused by an aggregate shock. Therefore, smaller shocks will cause the zero lower bound to bind

than in the economy without borrowing constraints.

This result suggests that borrowing constraints make it more likely that the zero lower bound im-

pedes the ability of monetary policy to stabilize the economy in response to aggregate shocks.

Restoring Symmetric Output Responses The results above also highlight that a linear Taylor

rule is insufficient to ensure symmetric transmission of both interest rate cuts and hikes.

From the perspective of policy makers, it is therefore useful to understand how to overcome this
asymmetry of monetary policy transmission. As a useful benchmark, I consider the case of cost-
push shocks, and consider the following question: how much more do interest rates need to respond
to falls in output relative to increases in output in order to achieve symmetric equilibrium responses

to cost-push shocks?

As a simple departure from the standard Taylor rule, I consider a piece-wise rule,
w =17+ ¢rm + ¢ max {g, 0} + ¢, min {7, 0}

that allows for differential responses of monetary policy to increases and decreases in output.

Using this interest rate rule for monetary policy, the following result shows how to determine ¢,

relative to ¢, to ensure symmetric responses of output to cost-push shocks.
Proposition 6. Given ¢;“ > 0, setting
dy =0 (1= pa) (5" = 5") + ¢y
ensures that output has symmetric first order transitional dynamics in response to cost-push shocks.

The proposition shows that in order to restore symmetry, expansionary monetary policy must be
stronger than contractionary monetary policy in order to overcome the asymmetric transmission

caused by borrowing constraints. Furthermore, the size of the gap between ¢, and ¢, is determined
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by the range of consumption exposure coefficients 3¥ — (Y, which is in turn dependent on the extent
of uninsurable consumption risk present in the economy. The larger is this gap, the larger is the
asymmetry of monetary policy transmission, and hence the larger that interest cuts need to be

relative to interest rate hikes to have the same size effect on output.

4.5 Discussion of Mechanism

Having established my main results, I now discuss the economic mechanism in the context of the
existing literature. I focus on the role of permanent uninsurable heterogeneity, marginal propensities

to consume, and the concept of the wealthy hand to mouth.

The Role of Uninsurable Permanent Heterogeneity Recall that the coefficients {5, 5, 57},
capture the effects of uninsurable ex-ante heterogeneity in my economy. In particular, heterogene-
ity in {8Y, B2}, summarizes how aggregate shocks redistribute household consumption along the
equilibrium response path. In the knife edge case in which Y = Y and 8% = ° for all islands,
there is no uninsurable heterogeneity and aggregate shocks do not have redistributive consequences
in equilibrium. As a result, the key mechanism breaks down, and there is no asymmetry of output
responses. Intuitively, the absence of redistribution implies that households have uniform motives
to trade the inter-island bond, and therefore must all choose a zero, unconstrained bond position
in equilibrium. Hence, borrowing constraints do not play a role in determining the equilibrium

responses of output to monetary policy shocks, which are hence symmetric to first order.

This result explains why other papers that study HANK-style economies do not report asymmetric
responses of output to monetary policy shocks, or indeed any aggregate shocks (e.g. Kaplan et
al.,, 2017). The standard approach of merging a Huggett (1993) or Aiyagari (1994) type model of
heterogeneous households with a New Keynesian supply side implicitly imposes that all households
are identical ex-ante. Therefore, the key heterogeneity required to generate asymmetric output
responses is ruled by by construction. In contrast, recent work by Patterson (2018) explicitly allows
for permanent heterogeneity across households, which generates amplification of contractionary

aggregate shocks using a similar mechanism to the one that I study in generality here.

Crucially, this type of fixed heterogeneity across households seems important empirically. For ex-
ample, using high quality administrative data for the US, Guvenen et al. (2016, 2017) document
that households’ incomes processes both exhibit permanent heterogeneity in the mean level of in-
come, and are differentially exposed to aggregate fluctuations, as captured by heterogeneity in v,
across households in my model. On the consumption side, Parker and Vissing-Jorgensen (2009) and
DeGiorgi and Gambetti (2017) show that households’ consumption paths are also differentially cor-
related with changes in output, which provides some direct evidence of heterogeneity in the {3¥}

coefficients, as required for asymmetric responses.
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Relation to Marginal Propensities to Consume (MPCs) An important insight from the exist-
ing HANK literature is that a non-negligible fraction of households are constrained in equilibrium,
and hence are “off their Euler equation”. These households act in a “hand to mouth” (HtM) fashion,
consuming most, if not all, of their income in each period, and exhibit large marginal propensities
to consume (MPCs) as a result. Furthermore, analysis by Bilbiie (2017) and Acharya and Dogra
(2018) shows that the cyclicality of the income of these HtM households affects the strength of the
transmission of monetary policy: when HtM households’ income share is pro-cyclical, interest rate
policy is more powerful than in an economy without HtM households. Intuitively, when aggregate
income increases in response to an interest rate cut, the HtM households receive disproportionately
more of this increase. Since HtM households consume the entire income gain, the indirect general
equilibrium feedback from aggregate demand into output is amplified, resulting in a larger overall

response of output.

My economy also features households who are constrained in equilibrium. Indeed, the presence
of borrowing constraints that inhibit inter-island trade achieves exactly this. However, in contrast
to the aforementioned literature, my economy does not feature a group of households who can
be permanently labeled at HtM. Instead, which households become constrained in equilibrium de-
pends crucially on the equilibrium response of aggregate income to the aggregate shock that hits

the economy.

When an expansionary shock hits the economy, aggregate income increases in equilibrium. As
described above, when aggregate income rises, constrained households are those whose incomes
are the least pro-cyclical among all households. In other words, constrained households receive
disproportionately less of the overall income gain, which dampens the general equilibrium feedback

from aggregate demand into output, and thus results in a smaller overall output response.

In contrast, when aggregate income falls in response to a contractionary aggregate shock, con-
strained households’ incomes must be the most pro-cyclical among all households. In this case,
constrained households are disproportionately exposed to the fall in income, which amplifies the

general equilibrium feedback effect, and results in a larger overall output response.

I endogenize the cyclicality of constrained households’ incomes by using borrowing constraints
as my key source of market incompleteness. In addition to capturing relevant financial frictions
mentioned above, an advantage of my modeling approach is that it is consistent with the empirical
evidence for asymmetric MPCs. Recent work by Fuster et al. (2018) and Christelis et al. (2017)
find that, across the income distribution, households display high MPCs out of income losses, but
low MPCs out of income gains. Binding borrowing constraints are a simple way to rationalize
these findings: after an income gain, a household can save and move away from the constraint,
and thus exhibits a low MPC. After an income loss, however, the household may become borrowing

constrained, and hence be forced to lower her consumption a lot, thus exhibiting high MPC behavior.
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The Wealthy Hand to Mouth Kaplan et al. (2014) stress that high MPC and HtM behavior is
not confined to households who are both income and wealth poor, but is also a feature of household
behavior further up the income and wealth distributions. I argue that my model is both consistent

with this fact, and clarifies the conditions under which it is poor households or wealthy households
who exhibit high MPC behavior.

My mechanism emphasizes that different households are borrowing constrained when different ag-
gregate shocks hit the economy. Households whose consumption paths are highly correlated with
aggregate consumption are constrained when output falls in response to a contractionary shock,
while households with low correlation consumption paths are constrained when output increases

in response to an expansionary shock.

In the empirical analysis, I find that households with more education have consumption paths that
are more positively correlated with aggregate consumption. Since education is likely itself highly
correlated with measures of income and wealth (DeGiorgi and Gambetti (2017) provide evidence of
this correlation in the Consumer Expenditure Survey), the theoretical analysis suggests that house-
holds with higher incomes and wealth levels becomes constrained when output falls in response to a
contractionary shock, and thus exhibit behavior in line with the “wealth hand-to-mouth” described
by Kaplan et al. (2014).

This feature also highlights that binding borrowing constraints to do preclude the existence of pos-
itive wealth holding in my economy. As described above, each island features a non-degenerate
wealth distribution that results from households achieving complete insurance against transitory

idiosyncratic shocks and partial insurance against persistent idiosyncratic shocks and aggregate

shocks.

4.6 Existence and Uniqueness of Responses

An intuitive description of how to solve for the responses of output to aggregate shocks is as fol-
lows: when an aggregate shock hits the economy;, it directly affects the demand for bonds of saver
households. For example, an expansionary monetary policy shock lowers the real interest rate and
hence lowers their demand for bonds on the margin. Since all other households are borrowing con-
strained, the equilibrium output response must be such that it has an equal and opposite effect on

the demand for bonds of saver households in order to clear the bond market.

In order to find the equilibrium response of output ¢; to an arbitrary transitory aggregate shock,
consider the two effects that a small increase in ¢, has on saver households’ demand for bonds.
First, it increases the income of saver households by an amount 3%, where w® is an island on which
saver households are located. Ceteris paribus, this increase in income creates an increase in bond
demand of 3’.. Second, a small increase in output causes an endogenous increase in inflation of

¢y. The monetary authority responds to the increases in output and inflation by raising the real
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interest rate by an amount specified by the Taylor rule coefficients, ¢y, + ¢, > 0. By the logic of

the Euler equation, this interest rate hike causes saver households to increase their bond demand
1
by o (¢ﬂ90y + (by)

Now consider assumption 2, which states that

§y+§(¢w<py+¢y) >0

Since 3. > 3 by definition, assumption 2 guarantees that

1
ZZS + ;(¢w¢y+¢y) >0

which implies that a small increase in output will always cause saver households to increase their
demand for bonds. This strictly monotonic relationship between output and the demand for bonds
of saver households is sufficient to ensure that, for any given change in bond demand caused by an
arbitrary aggregate shock, there exists a unique output adjustment that will exactly offset it, thus

establishing the existence and uniqueness of output responses to arbitrary aggregate shocks.

In my empirical analysis, I find that 3 > 0, which guarantees that assumption 2 is satisfied.
Nonetheless, it is instructive to consider what is possible were the assumption to fail. In this case,
the relationship between output and the demand for bonds of saver households need not be strictly
monotonic, which opens up the possibility that there are either multiple output adjustments that ex-
actly offset the effect of the aggregate shock on bond demand, or none at all. Therefore, assumption
2 is a useful condition to ensure both the existence and uniqueness of the output responses under

investigation.

5 Inflation Responses to Aggregate Shocks

Having studied the responses of output to aggregate shocks, I now turn to the responses of inflation.

I maintain assumptions 1, and 2 throughout.

5.1 Inflation Responses to Monetary Policy Shocks

The responses of inflation to monetary policy shocks are simple to derive given the output responses.
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Proposition 7. The first order transitional dynamics of inflation in response to a monetary policy

shock are given by
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where

B = max {3}
5" = min {52}

The proposition shows that inflation inherits the asymmetry of output. This occurs because the
response of inflation to monetary shocks is entirely determined by the response of output via the
logic of the NKPC: higher output implies higher marginal costs which causes firms to increase their
prices, thus raising inflation. Therefore, inflation moves in the same direction as output in response
to monetary shocks. Since output responds more to contractionary monetary shocks than to expan-

sionary shocks, so does inflation.

5.2 Inflation Responses to Cost-Push Shocks

Proposition 8. The first order transitional dynamics of inflation in response to a cost-push shock are

given by
( 1+p 3 1
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where

A" = max {8}
B* = min {57}

In contrast to monetary policy shock transmission, the asymmetry of the inflation responses is the
opposite to that of output: inflation responds more to cost-push shocks that increase output. This

occurs because the responses of inflation are determined by two forces. First, cost-push shocks di-
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rectly affect firms’ marginal costs and so directly affect inflation (positive cost-push shocks increase
marginal costs and inflation). Second, the equilibrium response of output affects inflation via the
NKPC as in the monetary shock case. Crucially, the second effect pushes inflation in the opposite
direction to the first: a positive cost-push shock directly drives inflation up, which raises interest
rates causing output to fall, which creates an offsetting downward force on inflation. The strength of
this offsetting force inherits the asymmetry of the output responses, so that inflation responds more
overall when output responds less and the offsetting force is weaker. Therefore inflation responds

with the opposite asymmetry to output.

5.3 Inflation Responses to TFP Shocks

Proposition 9. The first order transitional dynamics of inflation in response to a TFP shock are given

by
et if €8>0
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Similar to the case of cost-push shocks, inflation exhibits the opposite asymmetry to output, and
responds more to positive TFP shocks than to negative TFP shocks. As in the cost-push shock case,
the reversal occurs because the inflation response is the sum of a symmetric direct effect, and an
asymmetric indirect effect stemming from the response of output. For example, a positive TFP shock
lowers firms’ marginal costs, which causes them to lower their prices, creating deflation. This causes
the monetary authority to lower rates, which in turn causes output to rise. The rise in output then
offsets the initial fall in inflation. Since the offsetting force will be stronger for negative TFP shocks

than for positive TFP shocks, inflation will respond more overall to positive TFP shocks.

6 OQuantitative Exercise

My theoretical analysis has highlighted the role that heterogeneous exposures of household con-

sumption to changes in aggregate income play in generating asymmetric responses of output to
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aggregate shocks. In this section, I use data on household consumption patterns in the US to di-
rectly estimate these exposures, and then use these estimates to compute the asymmetry of the

responses of output to monetary policy shocks implied by the model.

I find significant heterogeneity in consumption exposures, which I argue imply that output re-
sponses to contractionary monetary policy shocks are at least three times as large as the responses
to expansionary monetary policy shocks. This level of asymmetry accounts for around 60% of the
asymmetry found accords well with the direct evidence for asymmetric responses that I describe at

the end of this section.

Given the pre-existing evidence for asymmetric responses of output to monetary policy shocks, I
focus on this aggregate shock in my quantitative analysis. However, the methods I describe are

directly applicable to other aggregate shocks.

6.1 OQuantifying the Asymmetry

In order to assess the quantitative magnitude of the output response asymmetry to a monetary

policy shock, I define the ratio of the contractionary response to the expansionary response,

(1= p0) B + 2 (200 (0r — ) + )

R —
(1—mﬂf+i<ﬁﬁ;%d%—ﬂﬁ+¢ﬁ

The key parameters for quantifying the asymmetry are 3¥ and 3Y, which measure the highest and

lowest equilibrium sensitivities of household consumption to changes in output. In particular, when

}7 (1 j:_p Py (r — pu) + gby) = 0, the response ratio is simply the ratio of the consumption sensi-

tivities, R = 5.

The parameters ¥ and (Y are “sufficient statistics” for computing the output response asymme-
try (Chetty, 2009).® In other words, to compute R, I only need to know the values of By and éy,
and do not need quantitative information on the underlying structural mechanism that generates
them. In my setting, this means that I do not need to know quantitative details concerning the struc-
ture of financial markets or, in particular, empirical features of the underlying equilibrium wealth
distribution. This is in sharp contrast to quantitative HANK models, such as Kaplan et al. (2018),
which require detailed knowledge of income processes, financial market structures, technology, and

preferences in order to obtain numerical results.

The simplicity of my model’s numerical implementation follows from the financial markets struc-

ture I adopt. The island construction ensures that household consumption dynamics are consistent

8Sufficient statistics approaches have recently become popular in macroeconomics. See, for example, Auclert and
Rognlie (2017).
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with the empirical evidence on the transmission of idiosyncratic income shocks, and allows for het-
erogeneous exposures to aggregate shocks. These exposures are simple to estimate using micro
data on household consumption. Estimates of 3¥ and (Y can then be plugged into R to immediately

quantify the asymmetry.

6.2 Data

Household Consumption I use the Consumer Expenditure surveys (CEX) from 1996 to 2008 to
measure consumption of non-durables and services at the household level.” In order to ensure the
consistency of consumption measurements between the CEX and the aggregate data in the NIPA
tables, I sum across the relevant categories of expenditure in the CEX, and define non-durable and
services consumption as total expenditures on food, services, heating fuel, public and private trans-
port, personal care, and clothing and footwear." I deflate nominal expenditures using the personal

consumption expenditure price deflator.

Each household reports their consumption four times at three month intervals. From these reports,
I compute three quarterly growth rates of log consumption for each household. Since different
households are interviewed each month, I have quarterly growth rates of household consumption,

available at a monthly frequency.

I restrict the sample to urban households, not in student status, where the household head is of
working age (25-64), and only consider households who respond to all four interview waves. In
order to remove consumption variation caused by factors outside of my model, I first regress log
real consumption on a polynomial in age of the household head, family size, and number of children
under the age of eighteen, and use the residuals from this regression as my measures of household

consumption.

Output Asmy measure of output, I use quarterly growth rates of per-capita personal consumption
expenditures of non-durable goods and services (at a monthly frequency), taken from the NIPA

tables, deflated using the personal consumption expenditure price deflator.

My choice of growth in per-capita personal consumption expenditures as the right-hand side vari-
able reflects two considerations. First, the theoretical models I have studied in this paper have all
abstracted from capital investment and government spending, so that aggregate consumption is the
theoretically consistent measure of total output. Second, unlike measures of GDP, personal con-
sumption expenditures are available at a monthly frequency, which enables me to exploit all of the

variation in the micro-data and to maintain a reasonable sample size.

9The only alternative to the CEX would be to use imputed consumption series in the PSID, as in Blundell et al. (2008).
However, the data is only available at an annual frequency, which smooths out much of the business cycle frequency
variation I am most interested in measuring.

My results are robust to variations in this definition.
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Monetary Policy Shocks In order to extract the variation in A log Y; driven by monetary policy
shocks, I follow Coibon et al. (2017), who use the methods introduced by Romer and Romer (2004)
to identify innovations to monetary policy that are orthogonal to economic conditions. Formally,
the authors run the regression

AFFR, =zl +¢€

where AF'F'R; is the change in the federal funds rate from period ¢ — 1 to ¢, and x; is a vector of
controls that contains forecasts of GDP growth, inflation, and the unemployment rate taken from the
Greenbooks at each Federal Open Market Committee meeting. The residuals from this regression,
{€/}, are then taken as the series of monetary policy shocks, with the interpretation that €] > 0 is

a contractionary shock, and €; < 0 is an expansionary shock.

Using this method, Coibon et al. (2017) generate a series of monetary policy shocks at a monthly
frequency from 1969 to 2008, which I plot in figure 1. The shocks are evenly spread over positive

and negative values, and are very volatile during the Volcker disinflation period in the early 1980s.

Time Series of Identified Monetary Policy Shocks
T T T T T T

Shock

5 1 1 1 1 1 1 1 1
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 1: Identified Monetary Policy Shocks from Coibon et al. (2017). The authors run the regres-
sion AFFR = z;y + ¢ where AFFR, is the change in the federal funds rate from period ¢t — 1
to ¢, and z; is a vector of controls that contains forecasts of GDP growth, inflation, and the unem-
ployment rate taken from the Greenbooks at each Federal Open Market Committee meeting. The
residuals from this regression, {¢;}, are then taken as the series of monetary policy shocks, with the
t interpretation that €, > 0 is a contractionary shock, and €, < 0 is an expansionary shock.

6.3 Estimation Procedure

Let {c;+} and {Y;} be data on household consumption and output respectively. The equation de-

scribing the dynamics of household consumption in proposition 1 suggests that we can recover
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estimates of the {3Y} coeflicients by considering the following pooled OLS regression

Alogc; = Zl{z € w}aw+21{i cw}BlAlogY: + u;y

wes weN

where u;; contains idiosyncratic shocks to household consumption, and measurement error in the

household consumption data.

As it stands, this regression features a number of exogeneity and feasibility concerns, which I now

describe how to tackle.

Variation in Output In order to measure the sensitivities of household consumption to changes
in output driven by monetary policy shocks, the variation in A log Y; must be due to monetary policy
shocks only. However, the variation in raw output data is driven by multiple aggregate shocks hitting
the economy simultaneously in each period. Running the above regression would therefore result
in estimates of {/3¥} that measure the sensitivity of household consumption to changes in output

driven by multiple shocks, and would not correspond to the theoretical parameters {5 }.

In order to alleviate this issue, I first project the output data onto a set of identified, lagged monetary

policy shocks (described in more detail below), Z; = (€}_,, ..., €/_; ),
AlogY; = a, + Ziy+ e

so that the fitted values {A log Y}} capture the variation in AlogY; driven by monetary policy
shocks only. This specification is consistent with the structural vector-autoregression paradigm,
in which aggregate variables are expressible as a moving average of the (infinite) history of struc-
tural shocks (see Barnichon and Matthes (2016) for a review and extension of this approach to the
non-linear case).!' I then use these fitted values in my main regression specification, so that {3Y}
correctly identify the sensitivity of household consumption to changes in output driven by monetary

policy shocks only.'?

Identification of Island Groupings The ideal regression requires us to group households by
their island, which acts as a latent grouping variable. While methods have recently been developed
that go some way to dealing with this issue, implementing such a procedure here is beyond the

scope of the paper.”® Instead, I describe a simple solution to this problem that results in a lower

"My theoretical results suggest that A log Y; should depend non-linearly on the history of monetary policy shocks.
However, for the purposes of extracting the variation in A log Y; driven by monetary policy shocks, I abstract from this
complication. I investigate non-linear responses in section 6.7.

2Intuitively, this process amounts to Two-Stage-Least-Squares (2SLS) estimation, where the first stage extracts the
variation in AlogY; due to monetary policy shocks only, and the second stage estimates the household sensitivity
parameters using this variation alone.

BFor example, Bonhomme et al. (2017) develop OLS-type estimators that allow for discrete unobserved heterogeneity
in the underlying population.
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bound estimate of the true extent of heterogeneity in the {57} coefficients.

Formally, let G be a surjective function that maps household 7 in period ¢, i.e. the household-period
tuple (i, t), into a finite set of groups {1, 2, ..., G}. G represents an arbitrary group formation process,

and nests fixed group assignment as a special case, G (i, t) fixed for all ¢.

If the island groupings were observable, we could use such data to construct the correct G function.
Since such data is unavailable, I instead postulate that households are grouped according to some

observable characteristic.

Given a choice of G function, consider the pooled OLS regression for a group g € {1,2,...,G},

G G
Alogeiy = 1{(i,t) € glag+ Y 1{(i,t) € g} B/AlogY; + e;,

g=1 g=1

where the pooling occurs over the set {(i,t) : G (i,t) = g} of household-periods assigned to group
g. Estimating this regression for each group implies that the key parameters for quantifying the
asymmetry can be estimated as 3 = max, {B;’} and Y = min, {Bg}

When the G function assigns each household i to a fixed group over time, the implied asymme-
try parameters will always be weakly bounded by the true asymmetry parameters max; {3;} and
min; {/3; }. Therefore, pooled OLS using fixed group assignments will always weakly underestimate

the true asymmetry.

Proposition 10. Suppose the model for household consumption growth is given by

Alogc; = Zl{z € w}aw+21{i Ew}ﬁfjAl(;gY;—l—um

wes weN

If G does not depend ont for alli, then the asymmetry parameters implied by the pooled OLS regressions

G G
Alogc;y = Zl{z € g}ag+21{i c g}ﬁgAl(;th—i—em

g=1 g=1

are weakly bounded by max,, {8} and min,, {5Y}, i.e.
max {plimTﬁooﬁAgy} < max {5’}
9 w
min {plimTﬁooﬁAg} > min {5Y}
g w

Intuitively, when group assignments are fixed over time, the estimated consumption exposure of a

group ¢ is a convex combination of the consumption exposures of each household in that group.
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Therefore, each group’s consumption exposure is weakly smaller than the largest household ex-
posure, and weakly larger than the smallest household exposure. This immediately says that the
asymmetry implied by the estimates must be bounded by the true asymmetry at the household

level.

When G assigns households to different groups over time, it is difficult to say whether the implied
asymmetry from pooled OLS over- or underestimates the true asymmetry. As an extreme example,
suppose that 5; = 1 for all i (so that the true asymmetry is nil) and consider the following assignment
process for a fixed group g. When A log Y; > 0, assign households with the highest consumption
growths to group g. When A lég Y, < 0, assign households with the lowest consumption growths
to group ¢g. Such a process will result in an estimate of Bg much larger than 1, due to the selection
bias created by the assignment mechanism’s dependence on idiosyncratic shocks, and will therefore
overestimate the true asymmetry. Furthermore, the opposite assignment process will clearly result

in an underestimate of the true asymmetry.

In light of this discussion, I choose as a benchmark, an assignment mechanism that is fixed over
time, so that the estimated asymmetry is known to be a lower bound on the true asymmetry (in the
limit 7" — o0). In the CEX data, the best candidate for this is the level of education of the household
head.’ Over the year long cycle during which the household reports consumption, the education
level of the household head is fixed and is certainly exogenous to changes in output over the same
period. Therefore, I sort households into five groups based on the education level of the household
head: less than high school, high school, some college, full college, and beyond college (advanced
degree).

Measurement Error and Short Panels As mentioned, u;; captures both idiosyncratic shocks
to consumption and measurement error at the household level (Aguiar and Bils, 2015),. While the
idiosyncratic shock component is uncorrelated with A log Y, by definition, the measurement error
component may not be, and so could induce bias into the estimates of consumption sensitivities.
However, as long as measurement error is independent across households, and each group g consists
of a sufficiently large number of households in each period, applying a cross-sectional Law of Large
Numbers implies that the composite measurement error term is approximately zero in every period
for a given group, and is therefore uncorrelated with A log Y;. I assume that this condition holds in

my analysis.

I also note that the grouping of households, either into hidden islands or into exogenous groups,
effectively creates synthetic panels of household consumption data. This helps to alleviate the short-

panel nature of the CEX data, and is common among analyses that use CEX data to analyze trends

The very short panel nature of the CEX data implies that other potential fixed attributes such as permanent income
are difficult to plausibly compute. Education is of course likely to be correlated with this and other fixed attributes.
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and fluctuations in household consumption (see, for example, Parker and Vissing-Jorgensen (2009),
Primiceri and van Rens (2009), and De Giorgi and Gambetti (2017)).

6.4 Baseline Regression Specification

In sum, I estimate the following two stage model:

First, estimate
AlogY: = oy + Z;y + e

to get fitted values {A lc;g Y}} Then, use these fitted values to estimate the model

G G
Alogc;y = Zl{z € g}ag+21{i € g}ﬁ;’AloAgY}—i—em

g=1 g=1

where the groups g € {1, ..., G} consist of five education levels: less than high school, high school,
some college, full college, and beyond college (advanced degree). In practice, I use a two-stage least

squares estimation procedure rather than running separate regressions for each stage.

6.5 Results

In my baseline results, I project A log Y; onto a vector of the ninety six most recent identified mone-
tary policy shocks 7, = (&f_l, s €f_96). This allows the effects of monetary policy shocks to persist
for up to eight years. Since the empirically relevant range of monetary policy shock persistence is
two to three years (Gertler and Karadi, 2015; Christiano et al., 2005), the choice of L = 96 is a
reasonable approximation of the history of shocks that matter for variation in output growth. In
appendix B, I show that my results are robust to variations in the lag length L. All regressions are

weighted using the CEX survey weights provided in the data sets.

Table 1 shows the estimated coeflicient B;’ for each education group, together with its standard
error, which I cluster at the household level, and total sample size. The estimated coefficients are
strong increasing with respect to education. A 1% increase in the growth of aggregate consumption
caused by monetary policy shocks is associated with a 3.58% increase in the consumption growth of
households with an advanced degree, but a 1.23% increase in the consumption growth of households

with only a high-school diploma.
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Less than High High Some Full Advanced

School School College College Degree
3 1.28 1.23 1.71 2.86 3.58
s.e. 1.23 0.79 0.71 0.77 1.12
n 9,621 21,396 27,025 19,206 11,022

Table 1: Estimated {Bé’} exposure coeflicients across household groups with different education

levels using monthly data over the period 1996-2008. Standard errors are clustered at the household
level.

These results imply an estimate for the sensitivity ratio of 87 ~ 2.9. Therefore, the most sensitive
households are approximately three times as sensitive to changes in aggregate consumption than

the least sensitive households.

This finding is in line with previous studies of heterogeneous consumption sensitivities. For exam-
ple, Parker and Vissing-Jorgensen (2009) group households in period ¢ by their consumption level
in period ¢ — 1, and find a sensitivity ratio of 5. While this estimate is larger than the lower bound
of 2.9, the grouping strategy fails the conditions in proposition 10 so that it likely yields a biased

estimate the true sensitivity ratio.

The slight “U-shaped” pattern of sensitivities is also consistent with the evidence on heterogeneous
income sensitivities. For example, Guvenen et al. (2017) run a similar regression using worker
level income data and unconditional variation in GDP growth across percentiles of the permanent
income distribution, and find a “U-shaped” pattern of sensitivities such that the highest and lowest
permanent income workers are the most sensitive to unconditional changes in GDP growth (see
figure 4). This finding supports the theory that borrowing constraints cause household consumption

to inherit the sensitivity of household income to changes in output.

6.6 Quantitative Assessment

Given estimates for 3¥ and (Y, the other key parameters in R are the slope of the NKPC, ¢,, and the
coefficient in output in the Taylor rule, ¢,,. I set ¢, = 0, which is in line with the existing literature
that uses calibrated Taylor rules. In order to set ¢,, I appeal to the empirical evidence from the

literatures on inflation forecasting and estimation of the NKPC.

Both of these literatures suggest that ¢, is very small. The forecasting literature suggests that ¢, =
0 is very plausible (Atkeson and Ohanian, 2001), while the estimation literature tends to find ¢,
around 0.05, but with a decent dose of uncertainty (Schorfheide, 2008). Therefore, as a convenient

benchmark, I set ¢, = 0.
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When ¢, = 0, the asymmetry ratio is R = 2.9. Therefore, the output response to a contractionary
monetary policy shock is three times as large as the output response to an expansionary monetary
policy shock of equal magnitude. I compare this asymmetry to the macro evidence for asymmetry

in the next section.

For completeness, figure 2 plots R as a function of ¢, using a standard calibration of the other
parameters."” The ratio declines as x, increases, but remains above 2.3 throughout the range, which

covers the most plausible values of ¢, away from zero.
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Figure 2: Asymmetry ratio R as a function of ¢, when p, = 0.6, ¢ = 1.25, ¢, = 0, 0 = 1.5, and
p = 0.5%.

Intuitively, when output increases after an expansionary shock, ¢, > 0 implies that inflation also
increases. Higher inflation causes high nominal rates via the Taylor rule, which offsets some of
the initial expansionary shock. The same logic implies that ¢, > 0 causes deflation to offset the
contractionary shock. Since the initial output response is larger for a contractionary shock, the

offsetting force is larger too, which shrinks the overall asymmetry.

6.7 Empirical Evidence of Monetary Policy Asymmetry

The micro evidence on heterogeneous consumption sensitivities implies that contractionary mon-
etary policy shocks are three times more powerful than expansionary monetary policy shocks. In

this section, I show that this result is in line with the macro-econometric evidence for asymmetric

BT set p, = 0.6 to reflect the quarterly persistence of monetary policy shocks estimated in the data (Christiano et al.
(2005), Gertler and Karadi (2015)). I set ¢, = 1.25 and ¢, = 0, which is a commonly used specification for the Taylor
rule, and set % = 0.67 in line with estimates for the EIS (Vissing-Jorgensen, 2002). Finally, I set 6 = 0.995, which is
consistent with an annual real interest rate of 2%.
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monetary policy transmission. Specifically, I use local projection methods (Jorda, 2005) to demon-
strate that contractionary monetary policy shocks are approximately four times more powerful than

expansionary shocks.'

Empirical Specification I follow Jorda (2005), and estimate the impulse response of output to

monetary policy shocks using local projection methods. Formally, I estimate the specification

L L
Yern = o + BT max {¢], 0} + B min {&}, 0} + > Al + Y Vhpr FF R+ uy,
=0 =1

for horizons h = 1,..., H. Here, {y;} is linearly de-trended output (in logs), {€}} is the series of

identified monetary policy shocks, and { F'F'R, } is the federal funds rate. The estimated coefficients
. H . H

{ ﬁh’Jr} and {,Bh”} are the impulse responses of y to positive and negative shocks of unit size
1 1

respectively.

I use quarterly frequency data over the period 1969 - 2008. In order to be consistent with the micro-
data evidence, I use per-capita aggregate consumption of non-durables and services as my measure
of output. I set L = 1, and note that the inclusion of contemporaneous aggregate consumption
as a regressor is consistent with the convention that monetary policy shocks only affect measures
of aggregate demand with a 1 period delay (Christiano et al., 1999). Finally, I estimate the system
of equations over h = 1, ..., H jointly, and compute Driscoll-Kraay (1998) standard errors that are

robust to arbitrary serial and cross-sectional correlation across time and horizons.

Results Figure 3 plots the estimated impulse responses of output to contractionary (positive) and
expansionary (negative) monetary policy shocks of 1% size over fifteen quarters. The dashed lines
are 90% confidence intervals. For ease of comparison, I have multiplied the expansionary response
by -1. Both impulse responses exhibit the “U-shape” that is a common feature of output responses

to monetary policy shocks (Christiano et al., 1999).

16The literature on asymmetric monetary policy goes back to at least Cover (1992) and DeLong and Summers (1988),
who both find contractionary shocks are more powerful than expansionary shocks. More recently, Angrist et al. (2013),
and Barnichon and Matthes (2016), introduce novel methodologies to measure asymmetric effects, and also find that
contractionary monetary policy shocks are more powerful than expansionary shocks.

7Since my simple model does not contain ingredients such as consumption habits or investment frictions that are
typically found in medium-scale DSGE models, it cannot generate the “hump-shaped” impulse responses found in the
data.
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Figure 3: Impulse responses of aggregate consumption (from NIPA) estimated using local projection
methods. The dashed lines are 90% confidence intervals computed using Driscoll-Kraay standard
errors.

The contractionary shock generates a maximum response that is approximately four times as large
as the maximum response to an expansionary shock. A simple t-test for point-wise equality of the
responses confirms that the difference in responses is statistically significant over horizons of one

to fours years (see figure 5 in the appendix).

The asymmetry is robust to alternative regressions specifications and sample restrictions. See the

appendix for details.

As a simple metric of comparison, I compare the ratio of the maximum responses in the data to
the ratio of responses in the model, R. According to this metric, the asymmetry estimated in the
macro data is reasonably consistent with the asymmetry implied by the micro-data. The fact that
the sensitivity ratio implied by the micro data is a lower bound implies that a quantitative version
of model can explain at least 60% of the asymmetry found in the macro data, and could plausibly
explain much more if we can estimate the true exposure ratio at a more granular level of household

heterogeneity than education.

7 Conclusion
When output falls in response to a contractionary aggregate shock, the decrease in consumption of

unconstrained households is necessarily the smallest among all households. Therefore, the fall in

output is greater than the response of unconstrained households alone. In contrast, when output
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increases in response to an expansionary aggregate shock, the increase in consumption of uncon-
strained households is necessarily the largest among all households. Therefore, the increase in out-
put is smaller than the response of unconstrained households alone. Hence, output responds more

to contractionary aggregate shocks than to expansionary shocks of equal magnitude.

The micro-data suggests that the largest sensitivity of household consumption to changes in output
is approximately three times the size of the smallest sensitivity. When inflation is unresponsive to
changes in output, output should respond three times as much to contractionary monetary policy
shocks than to expansionary monetary policy shocks. This quantitative result can therefore explain

at least 60% of the asymmetry found in the macro data directly.

My analysis provides evidence against linearizing DSGE models that feature household heterogene-
ity and incomplete markets, and suggests that care should be taken when selecting sufficient statis-
tics to summarize the heterogeneity in a simple manner. By construction, linearization rules out
asymmetric responses to aggregate shocks, even if the underlying non-linear model admits them
by design, as my analysis suggests. Similarly, the evidence that MPCs are asymmetric implies that
they are not sufficient statistics for household consumption behavior. In contrast, my analysis high-
lights alternative sufficient statistics that are estimable from similar data sources, and summarize
key aspects of household heterogeneity while still allowing for non-linear responses of output to

aggregate shocks.

Finally, it is natural to conjecture that the mechanism in this paper applies to any aggregate shock. It
would therefore be interesting to investigate the asymmetric transmission of other aggregate shocks,

and to see how well the model does at explaining the asymmetry.
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A Additional Figures
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FIGURE 1. GDP BETA AT AGE 3645 BY GENDER AND FOR MALES BY AGE GROUP

Notes: Earnings percentiles (conditional on gender and age group) are based on average real earnings from yeart — 6 toz — 2,
while real earnings growth used to estimate GDP beta is from year ¢ — 1 to z. The dotted lines represent the 95 percent confi-

dence interval.

Figure 4: Reproduction of Figure 1 from Guvenen et al. (2017), which plots the 3, coefficients from
the pooled OLS regression A log y; ; = oy +3,A log Y, 4-u; , where y; ; is worker ¢’s income in period
t as reported on her W-2 form, Y; is GDP, and the groups {g} are the gender-specific (Panel A) or
age-specific (Panel B) percentiles of the permanent income distribution computed using incomes in

periodst —6tot — 2.
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Figure 5: T statistics for testing Bh7+ = Bh’_ at each horizon h.
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Figure 6: Impulse responses of real GDP (from NIPA) estimated using local projection methods and
different lag structures.
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Figure 7: Impulse responses of real GDP (from NIPA) estimated using local projection methods with
inflation as an additional control variable.
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Figure 8: Impulse responses of real GDP (from NIPA) estimated using local projection methods,
using only the post-Volcker sample.
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Figure 9: Impulse responses of real aggregate consumption of non-durables and services (from NIPA)
estimated using local projection methods.
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B Robustness for CEX Regressions

B, L=8 L=96 L=108 L=120 L =132

Less than High School  0.791 1.272 1.230 1.157 1.202
(1.332)  (1.227)  (1.206)  (1.185)  (1.180)

High School 0.315 1.233 1.544** 1.405* 1.269*
(0.856)  (0.785)  (0.761)  (0.747)  (0.744)
Some College 1.057 1.711%*  1.991***  2.027***  2.070™**
(0.774)  (0.713)  (0.684)  (0.669)  (0.659)
College 2.822%**  2.856™"F 2.803**  2.842*"*  2.648™**

(0.838)  (0.774)  (0.753)  (0.743)  (0.740)

Advanced Degree 4.176™* 3.579"*  3.623"**  3.523***  3.628"**
(1.240)  (1.123)  (1.078)  (1.066)  (1.066)

Robust standard errors clustered at household level in parentheses
e 5<0.01, ** p<0.05, * p<0.1

C Robustness for Local Projections

Here, I show that the asymmetric responses of output to monetary policy shocks are robust to
regression specifications with different lag and control variable structures, sample restrictions that
exclude the Volcker disinflation period, and when I change the dependent variable to GDP. All figures

are in the appendix.

My baseline choice of L = 1 is optimal according to the Bayesian Information Criterion (BIC) given
by
Tlog (RSS/T) + klogT

where RS'S is the residual sum of squares from the regressions and 7’ is the sample length. I also

consider the Akaike Information Criterion (AIC), which is given by
Tlog (RSS/T) + 2k

and also suggests an optimal choice of L = 1. Furthermore, figure B plots the impulse responses for

L € {2,3,4,5}, and shows that the asymmetry is similar to the baseline specification in all cases.

The baseline regression includes aggregate demand and the federal funds rate as control variables.
However, most New Keynesian models imply that inflation is also determined as part of the equi-
librium system, and so affects the path of aggregate demand. To this end, figure 7 plots the impulse

responses with inflation (measured by the Personal Consumption Expenditure deflator) as an addi-
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tional control variable that follows the same lag structure as aggregate demand. The asymmetry is

essentially unchanged.

It is well known that the Volcker disinflation period in the early 1980s resulted in volatile monetary
policy, as exhibited by the large shocks in figure 1. While these shocks provide useful variation in
the explanatory variable, it is useful to check that they are not the driving force behind the result.
Therefore, in figure 8 I plot the impulse responses from the baseline regression having restricted
the sample to 1985Q1 onwards, thus dropping the entire Volcker episode. While the smaller sample
results in much wider confidence intervals, the asymmetry is still clear to see, with contractionary
shocks having twice the effect of expansionary shocks. Note that in this case, the micro evidence

can explain all of the asymmetry.

Finally, I run the baseline regression with real GDP as the dependent variable instead of aggregate
consumption. Figure 9 plots the impulse responses, which exhibit similar levels of asymmetry, al-

though they are slightly more noisily estimated.
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D Proofs

Proof of Lemma 1 1begin by characterizing the solution to the household problem. Since households within an
island can trade a full of Arrow securities, and cannot trade between islands in equilibrium, we can solve for consumption
and the implied security prices using a sequence of static planning problems, as in Heathcote et al. (2014). Let [¥ =

{i : i € w} denote the set of households located on island w. In period ¢, the island-level planner solves the static problem

i
max ~—di
wl—0

/ (wib; exp (n?) exp (ki + €¢) + Sidy — ¢ip)di >0

subject to

Attaching multiplier A* to the constraint, the FOCs yield
oy — L
cip=(A) "7

and
/ (web; exp (1;”) exp (Kie + €i¢) + sidy — ¢ 1) di =0

so that

(X")fi/ di = w; exp (77,‘;’)/ Gidi/ exp (m’t—l—ei’t)di—&—dt/ s;di
w w w Iu

By group construction, [ 7o €XD (Kit + €;,) di = 1 so that household consumption on island w is given by
Ci,t = W €Xp (’r];)) 0“’ + Swdt

for all 7 € I¥, where

oY = f[“’ eldl

[ di
w f[“’ SZdZ
T di

In order to decentralize this planning solution, we need to verify prices for the Arrow securities, and back out the implied
asset positions of households. We can use the household FOCs to back out the implied Arrow security prices. Attaching
multiplier A (¢; ;) to the flow budget constraint in the household problem yields the FOCs

1 t—1
<1+p> cif = MG

A w
q; (C;J-i-l; Ci"t) = )\((Ct:l; Pr (C?J+1|Cft)
it

so that

1

c —0
# (i) = 115 (22) Pricile)

Now use

cit = wrexp (ny) 0% + s“d;
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to get

1 W41 €XP (’Iﬁﬂrl) 0“ + Swdt+1 -7
W (W W) = Pr (C¥ . |c¥
q: (Ct+1a 7,,t) 11 < Wy exp (77?}) 0o + s7d, r (Ct+1| z,t)

Now we can back out the asset positions {Bi,t (Cl“jt +1) } that implement the consumption path chosen by the planner.
Substituting consumption into the flow budget constraint and setting b; ; = 0 yields an expression for realized wealth

at node ¢,

Bii—1 (C;ft) = wyexp (n}) (0 — b;exp (ki + €5,0)) + (8% — 83) dy + /Qf (¢ C;,)t) B (1) d¢iyy

Define
Tyt (¢2) = weexp () (6% — O exp (Kie + €5,1)) + (s — 5;) dy

Using the expressions for the prices {¢y’ (¢{’.;) }, this can be solved recursively to yield

Cit+1

[e’e) 1 J ci N\ —°
Bi,t (C;’:}t+1) = Ti,t+1 (Cfftﬂ) + Z/ (1 T p) ( ’HHJ) Tt+1+j (Cﬁrlﬂ) Pr (C;J+1+j|<;,}t+1) d(fﬂﬂ'
j=1

w . L\ (i e () 09+ s%dig w w1 ) gev
Bio (¢1) = Tin (¢1) + Z/ (1 " p) ( ;1 o (71]?1;; g J Tiyj (G j) Pr(¢51¢) deyy
j=1

which ensure that household budget constraints are satisfied as required.
We can now characterize the aggregate quantities and prices in the stationary equilibrium.

In the stationary equilibrium, island level per-capita consumption is given by
Cwr =wexp (ny) 6 + s“d

with security prices

w 1 wexp (n¥,) 0% + s9d
4y (Cz‘,t+1) < ( Hl)

1+p \ wexp(n¥)6 + svd > r (Cz,t+1)

The FOC of the intermediate goods producer implies that the wage is given by

w= (ao‘ (1—a)'™® AL% 1> h

-«
d=X[1- L ——
a“(1-a) A

From the cost-minimization problem, we have

so that dividends satisfy

so that

and



Finally, combining

and

yields

_ o _ _ 1
1P -1\~ d-1 _ -1\t~
d:(aAclv 3 ) <1—a 3 )—(of"(l—a)l aAicB )
Hence we have e
adx2L) e S
e B -1
M = ((1_ )(11)2 —a®(1—a) QAT

— 1 — o — — 1
. L1\ o L d-1\T" -1 . L1\
cw}t:(oz‘(l—a)1 A@) exp (ny) 0¥ +s <<aAa % ) (1—04 3 )—(a (1-a)' ACD) )

Finally, the real interest rate on the inter-island bond is such that the Euler equation holds with weak inequality,

P o
Cop 2 mEt [Cw,t—&-l]

In equilibrium, the Euler equation of households with the strong saving motive will hold with equality so that

147 1
1= —E,; (¢ 9
Trp 0 e i)
which yields
1+
147r= P —
wcxp(n“’ )0‘*’+s“d
max,, (wexp(:]‘:’r’W) ]

thus establishing the existence of a unique stationary equilibrium. O

Proof of Proposition 1 The first equation is derived by taking logs of the Taylor rule, and using the approxi-

mation log (1 + z) =~ .

To derive the linearized NKPC, start with the FOC of firm j,

N 1 ., 1 B, — P (J
1—®)p () " PP Xy + &P ], ()T X, e <t(ﬂ>
a(1-a) Ay pe—1(

+L£‘DEt [(ptﬂ (j) - 1) Bt ()]2) Pt+1Xt+11 =0

1
— — 1) —P, X+
) >pt1<y> o

t—

1+p P (4) pi (4
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Impose symmetry: p; (j) = P;, z (j) = X, to get

1 1
wy T —— — Py (1 + 7)) +

1—-P)+,—m———
( t) taoe (1_a)1_a A 1+p

Recall from the cost-minimization that

B (5) = — (52) Ayur
so that imposing F; (j) = 1 yields
1 _1_ 1
Wy = aAt O‘Xt
and LN e
= (120) 7
Hence )
. T J
Mt(])* (lia)l_aAt a1
o t
becomes

_1 1
M; = A = X7

so that all firms demand the same composite intermediate good, which also equals total demand for composite interme-

diate goods. Therefore,

1
Y, = — A, X“
Using
l—a
l-—a lma l-o
-«
= A X,
Wy ( o ) t ¢
the NKPC becomes
1-® P41 1 - 1 P X
) = St g A T B e () TR
which has log linearization steps
P, 1 1 _1-a o1 . . 1o 115 1 1-a = 1®1 . 1 1 l—ad®1 . 1o
—A “X Cxn——ATe X e 4+ ——ATeX e (O,—P)— ———A">X"= q ———A Ta ¥
gpa + t 50{ +§Pog ( t ) oggpa at+ a é_pa Tt
(i) 1*,L -« = éll—ii l1—a (i)lfoz177L l—a
ﬂt_fI?(aA a X @ 1) (1qu)t IOg(D)*éfpaaA a X a Qt+€7 a EA a X @ l’t+(5]Et [7Tt+1]
where _
iy 21
«Q P
so that
P-11—a, 1. d-11 n 1 E, | l
T = — s
t & o v t & t T+p t |41

To replace ; by 4, use
_1_1
Yi=X,— A, “ X
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which has log-linearization
1

A s X+

Substitution into the NKPC yields

& \a P aa
dl-al 1 1o X—AaXu la—ax=
+§7 o &A a X e (X—AilXiyt X—AiiéXi ¢ g E [m44]
dl-al . 1 10 X—A3X= ® (1. 1 1a .
= A eX = b — (A XS —1) d,—
Tt & a « X—-A i;Xiyt—i_{p(a ) t
11, 110 ®l-al . 1 _1a A wXw Wy L E, [rra]
&P aa &P o « X - A slxa T s
where using ~
Liaxre 2221
a P
. o —1\T=
X:Al_la(a _
. 1—a
i _ farw <a<I>_ 1)
yields - -
d—-11—«a ,= = d-11 = 1. 1
= d—a(®—1)) g — - 1-a)®)ay — —b, + —E
m & 5 ( a( ))yt & a(()é+( a) )at ¢r t+1+ﬂ ¢ [mea]
Hence the NKPC is given by
. . S 1
ﬂ't:(pyyt_Qaaat_‘P@@t“'1+p]Et[7Tt+ﬂ
where _
d—-11—a = =
‘Py: é-p a ((I)—Oé(q)—l))
d—-11 _
=g —(a+(1-a)®)
1
90@:57,

In equilibrium, we can express consumption of household ¢ located on island w as

Cwt = weexp (ny) 09 + s¥dy

where )
—
1—a (1 — Oé) AT e th_Ta
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so that
1-« w w 1 w _é é w w 2
Cwt = — 0% exp (ny) — ES A o X+ X — s Eﬂt X,

This expression for equilibrium consumption can be log linearized in terms of 2, a;, and n}’,

Cut = BoZe + B ar + Blny

where

Using

we get

Then log linearize
Yi=X; — A, “ X{

to obtain

to obtain
Cot = BEY + Boar + Blny

where L
X-A X«

(1-a)(®@-1)0"+s*(1-(1-a)9)

(1—a)(®—1)6+ s

QI+
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1 *(1—a)d - -
a(l(l—a) @—1)9“—&-5“) ((I)ia(qbil))

PP s, SN S ] G | Gt
w  Mw WX—AiééXé o (1_a) (é_l)aw_"_sw
BN = (%) Ao X= . (1-qa) (@ —1)6~

()0~ () o) A XE X (1) (8- 1052

[e3%

Euler equation: To derive this equation, note that the Euler equation for household i is given by
7 2 T et (L )
1+p
where the inequality is strict if the borrowing constraint binds.

Therefore, the Euler equation features a “distortion” only if household i would like to borrow in equilibrium,

Cif > Eq [Ci_,tg-i-l (L4 re1)] = b =0

I+p

Hence, in equilibrium, there exists a household i* () such that

Cix -
(I+7ig1) <(t)7t+1)

Cix (t),t

1
1= E,

> O,
1+p

(1+ree1) (Ci,t+1> ]
Cit
for all ¢ # ¢* (t). Hence i* (t) satisfies

i* (t) € argmax E,

C; e
(1+7441) (t“) ]
Cit

The aggregate Euler equation is therefore given by

1= mmﬁXEt

Co 7
(147441) (m) ]
Cu,t

Taking logs and using the first-order approximation log E; [x11] ~ E; [log x+41] yields

0 = log

1 Cu
T, + max {}Et log (14 7¢41)] — o, [log (’H'l)} }

Cw,t

Using the approximation log (1 4 r) & r together with the definition of the real interest rate simplifies the equation to
0 =l — ]Et [7Tt+1] —p— O'Il‘luin {Et [log cw,t—i—l] — IOg Cw,t}

where I have also used the fact that
max {—X,} = —min {X,}

Using the log linearization ¢, + to obtain
. . ) 1
min {Ey [Cop1] = ot} = — (t0 = B¢ [me14] = p)

thus completing the derivation of the four equation system.
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In the absence of aggregate shocks, the steady state of the system satisfies
L=T+ ¢xT + ¢yY

7T—§£’y3/+1+

Cut = BYY + BIng Yw
. N R 1
min {By €y p41] = i} = = (t—=m—p)

Substitution yields
. w w 1 1 1+p 1+p "
HBH {@Z (Etnt-i-l — T )} = P (r—p)+ pu <¢7rp90y + ¢y — p@y) Y

where
1

min {82 (Bt — )} = = (r = )
from the stationary equilibrium. Hence the economy is described by the single equation

11+p

_ P\,
0= P ((¢w1)90y+1+p¢y)y

so that given ¢, ¢, > 0,
p
e 1oy + 2
(6 =Dy + 720, > 0

is sufficient for a unique steady state j = 0 and 7 = 0. O

Proof of Propositions 2 and 7 Recall the system
L =T+ Qrmy + Gyl + vy

= Ut + ——E¢ [me41]

1+p
Cwt = BEYs + BlnE Yw

. . R 1
min {Ey [, p1] = i} = p (¢t = Ei [me41] — p)

where I have set 4, = ®, = 0 by construction. Consider an MIT shock v; = pt~1vy, and simplify the system to

T = Py + Ey [m41]

1+p
. N N 1 N _
min {35 (B¢ [§e41] — 90)} = p (¢t + Gyl + Pl o1 — By [mi41])

Suppose v; > 0, and guess g, = c+pv v and m; = c'*‘pv V1, so that

1+p
S e N
1+P_Pv

1+p

1
(= pmin =) = (6= 2

1
y+¢u>c +;
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and assumption 2 implies that c; < 0. Hence

1 1

cf=-
(1= po) ming {82} + 2 ((6r — p0) L0y + 04) 7

Now suppose v; < 0, and guess ¢, = cyfpfflvl and m; = ¢ pt~tvy, so that

_ 1+4p
1+p*,0v

Cr gpycy

_ 1 1+p -1
f(lfpv)ngn{ﬁgcy}: p <(¢ﬁpy)w¢y+¢y) Cy +;

and assumption 2 implies that ¢,; < 0. Hence

_ 1 1
¢, =— —

(1= po) mae {52} + 2 (6 — po) T2y + 6y ) ©

as required. [J

Proof of Propositions 3 and 8 Recall the system

=T+ Qrmy + Pyl

. A 1
T = Pyl — PPy + T pEt [T441]
Cut = BEG: + BIng Yw
1

min {E¢ [Cotr1] = Cut} = P (tt = Bt [me41] = p)

where I have set a; = v, = 0 by construction. Consider an MIT shock P, = pf{lél, and simplify the system to

) . 1
T = pyl — papg D1+ e p]Et [e41]

. ) 1 )
min {E; [BY9e41] — BL:} = p (rme + Oyl — Ey [m41])

Suppose d; > 0, and guess §j; = c;‘pfb_lél, T = cj;pf{lél, so that

1+p
ct=__-""7 ct —
T 1+p_,0cb (‘Pyy 90<I>)
) 1 14+p 1 1+p
1— _RY+L = L + _ = - _ -
(1= po)min {—BLcy} = ~ <(¢ Ps) 1+p_pq><py+¢y) ¢y = = (¢r = pa) E——
and assumption 2 implies that c?‘j > (. Hence
_ 1+p
o = (9r = P2) T3y 25y P 150

(1= po) maxy {82} + L ((6n — po) ooy + 6,) ©
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Now suppose <i>1 < 0, and guess §j; = c;pf{liﬁ, T = c;pfb_ltfl, so that

1+p

CTK‘ = 1+p7pq> ((pycg;_(P(b)

. _ 1 1+p _ 1 1+p
—(1— Y —— - _-TF B A _-TF
(1= po)min{fc, } =~ ((¢> ps) 1_|_p_pq)90y+¢y> ¢y = = (& = pe) E——
and assumption 2 implies that ¢, > 0. Hence
e = (9r — pa) 13,255 P LI
Y .
(1= pa) ming {85} + L ((6n = po) 5200 + 0) 7
as required. OJ
Proof of Propositions 4 and 9 Recall the system
L =71+ OrTy + Oyl
. t—1 1
Tt = PyYt — PaPq 01 + T p]Et [Tt41]
Cu = By + BLPL an + Bl Yw
. . . 1
min {Ey [Cop1] = ot} = — (t0 = B [me14] = p)
where I have set v, = &, = 0 by construction. Simplification yields
T = @yl — Papy a1+ T p]Et [Tt41]
: ~ a t A ~ a t—1~ 1 ~
min {Ey (80041 + BEphan ] — BYG — BLpl ar} = p (7t + dyPt — Et [mi41])
Suppose a1 > 0, and guess §; = c;pﬁfldl, T = c:rrpffldl, so that
1+p
+__ TP +_
cﬂ' ]~+p7pa (‘Pycy SDG)
. 1 1+p 1 1+p
a — 1 Ver 2 = - ™ — Pa = T — Pa a
min {(pa = 1) (Bley +65)} = ~ ((d) Pa) 1+p_pasoy+¢y) ¢y = = (6r = pa) pp——
To establish uniqueness, define
. 1 1+p 1 1+p
+ — —1 Y a1 _ _ - —
£ (e) = min (= 1) 3y + B9}~ © (60 = pu) iy 6, )+ (00— ) T
so that for ¢, 1 < ¢y ,2, we have
+ + 3 Y a : y a 1 1+p
f7 ey 2) =17 (eyn) = minf{(pa — 1) (BZey,2 + B5)}—min {(pa — 1) (BZey1 + ﬁw)}+; (¢x — pa) TXp—pn
so that
+ + y a Y a 1 L+p
i (ey2)—f1 (ey) < (pa—1) (BY,cy2 + BE)—(pa — 1) (BY,cy1 + ﬁwl)‘i'; (ér — Pa) T5p—pu
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where wy € argmin,, {(p, — 1) (8Ycy,1 + 8%)}. Hence

P ew) = £ o) < (0= 4 5 (6r =) Ly 6, ) ) ey = ey) <0

where the second strict inequality follows from assumption 2, p, € [0,1), and ¢, 1 < ¢, 2. Therefore f is strictly

decreasing, and hence has a unique solution to f* (¢, ) = 0, which yields the coefficient c;r.

Now suppose a1 < 0, and guess §; = cy_pfl_létl, 7 = ¢, pitas, so that

1+ p _
T 1%p—rpa (pvey =)
_ 1 L+p -1 L+p
a_1 Y 2 = - T Fa) 7 - T Fa) 7 . _ _ ¥a
max { (p )(ﬁwcy-l-ﬁw)} 0((¢ p)l—i—p—pa@y—'—(by)cy U(¢ P)1+p_pa90

To establish uniqueness, define

1+p
1+P—Pa

1+p
1+p—ﬂa

a

1~ e) = max{lpa = 1) (82, + 5}~ - ((0n = ) fut 0t (6n = )

so that for ¢,1 < ¢y 2, we have

™ Caa) = (en) = mx {(pn = 1) (g + A} -max o — 1) ey + B2+ (6 = o) Ly 4.0, ) ey
so that
' (Cy,Z)_fi (Cy,l) < (pa—1) (532%,2 + ﬁgQ)_(pa —1) (ngcy,l + BZQ)"‘% ((¢w ~ Pa) 1_:%5% + ¢y> (Cy,l - Cy,2)

where wy arg max,, {(po — 1) (BY%cy,2 + 5%)}. Hence

[ (ey2) = (eyn) < ((1 — pa) BY, + % <(¢7r ~ Pa) %@y + ¢y>> (cy1 —cy2) <0

where the second strict inequality follows from assumption 2, p, € [0,1), and ¢, 1 < ¢, 2. Therefore f~ is strictly

decreasing, and hence has a unique solution to f~ (¢,) = 0, which yields the coefficient c,, .

To show Cy > 0, suppose ¢y < 0. Then,

1+p
1+p_pa

1+p
1+p-ﬂa<p

mgx{(pa_l)( gc; +ﬁ$)}—§ <(¢w_pa) Spy"'d)y) ng—é(dﬁn—ﬂa) a

implies that min,, {ﬁ}j,c; + B2} > 0. Now recall the expressions for 3% and 32,

P—a(®-1)(1-a)(®—-1)0*+s (1-(1—a)P)
¥ ! (1—a)(®—1)6°+s

B (22 ()
(1—a)(®—1)6°+sv

By =(®-1)

Consider an island w’ with BUyJ, > 1 so that 8¢ > s“, which implies that 3%, < 0, and 53,0; + B2, < 0, which

contradicts that the min is positive. Therefore ¢, > 0.
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To show that Cy > c;, consider

which is equivalent to

1 1
Hgn{(pa_ 1) (B%c +82)} —max {(pa — 1) (BYc, +B2)} +- <(¢W—Pa) 1+;__pp§0y+¢y) (¢, —¢f)=0

Note that
min {(pa — 1) (Bhey + B5) } —max {(pa — 1) (Ble, +B5)} < (1= pa) B (¢, — )

where w™ € argmax,, {(ps — 1) (ﬁgc; + %) }. Hence we have

0< ((1 —pa) BY_ + % <(<z>7r ~ Pa) Hl%wy + ¢y)> (c; —¢h)

so that ¢,” > ¢F since (1 — po) 87 + 1 (((;57r — Pa) ﬁ(py + (by) > 0 by assumption 2. The inequality is strict

(o8
+ —
whenever ¢ # ¢,. O

Proof of Proposition 5 Consider the four equation model extended to allow for a zero lower bound on nominal
interest rates,

v = max {r + ¢-m + ¢y Y + vi, 0}

Tt = Pyl — Paly — Wbé)t + Eq [mi41]

1+
Cut = BEY + BLas + By Vw

. . R 1
min {By €y p41] = i} = p (¢t = By [me41] = p)

Consider the transitional dynamics of output and inflation in response to a one time, zero probability cost-push shock

with zero persistence, and suppose that the zero lower bound binds.

Solving the system under the assumption ¢; = 0 yields

11 -
T = goyﬁgpf e Py

Given these responses, we can derive the bound on @1 to ensure that ¢y = 0,

11 . 11 . p+ (Prspy + by) 55 20
P—<P<I>‘I>1>+¢y —p<0 <= &1 >Pzp= b

Pt (*"yayo— Bio P

where the bound is decreasing in 3Y.

Proof of Proposition 6 In the case of cost-push shocks, symmetry requires

o 1+ B o 1+
(1—P<1>)5"+; <(¢7T_p¢‘)1_i_p_ppq>§0y+¢y> :(1—P<I>)ﬁy+; <(¢W—P<I>)H_p_pp¢<py+¢j>
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so that
¢y =0 (1—pas) (BY —BY) + ¢y

as in the proposition.

Proof of Proposition 10 Pooled OLS estimation for group g yields

- DD (A l(;th — g) Aloge;,

5,5 (A10Yi-g)

»

where § = £ 3 AlogY;, and the summation over i is read as “sum over all households i such that G (i,t) = ¢".

Substituting in the true model for household consumption yields

P22 (Atog¥i — ) (ai + B log Yy +uiy )

’ Zt21 (A](;th—g)Z

~ ~ 2 ~ ~
55 (e + 6 (A1) + i AlGgYi — g — A log: ~ g,

B, =
’ 22 (AloAth—y)z

. . 2 .
S AlogYy i+ >, (A loth) YoiBi+ Y, AlogYy > uiy
~ 2 -
Dot (A log Yy — ZU)
_?Jzt Ziai +thAk;th Ziﬂi +§Zt Ziui,t
- D)
Zt Zz (AIOth - ?3)

g =

~ ~ 2 ~ R
. Zt Alog Yiag: + Zt (A log Yt) Bg,t + Zt Alog Yiug: — 3 Zt Qgt—Y Zt Alog Ytﬁg,t -y Zt Ug,t

9= R 2
1 —
L5 %, (AlogY: —p)
where
1
Qg = —— E Q;
g,t =
1
ﬁg,t = n § Bz
9t ieg,t
1
Ugt = E Uit
g,t icg,t

are parameter means over households in group ¢ in period ¢. Note that 8, ; € (min; §;, max; ;) by definition.

Continuing,

. % Zt (A loAg Yt) (A IOAg Yt) Bg,t - Zj% Zt A lag Ytﬂg,t + % Zt A lég Y;O‘g,t - ZJ% Zt Qg t

B, =
’ 7,,;t DD (A lath - Z_/)Q
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3, Alog Yitlgs — U Dy Ugt
- 2
ol S (B10ei- )

Hence as T" — oo, we can apply a suitable Law of Large Numbers (e.g. Proposition 7.5 in Hamilton (1994)) to obtain

Cov (A léth, A lég Yzﬁg,t) + Cov (A 1(;g Yi, a4+ ug,t)

i v [A 16g Yt}

where, if G does not alter group assignments over time (i.e. is exogenous to changes in A log V;), then
Cov (A l(;g}/}, Qg+ ug,t) =0

and

Cow (A 16gy;,A16thﬁg,t) —v [A 16th} %Zﬁi

i€g
so that

By -3 pr e (min {51}, min {5:))

€9

as required. [J
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