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1 Introduction

A long tradition in monetary economics emphasizes the role of the revaluation of real
and financial assets in shaping the economy’s response to changes in monetary policy.
Its importance can be traced back to both classical and Keynesian economists.! Keynes

himself described the effects of interest rate changes as follows:

Perhaps the most important influence, operating through changes in the rate of interest, on the
readiness to spend out of a given income, depends on the effect of these changes on the appreciation
or depreciation in the price of securities and other assets.

- John M. Keynes, The General Theory of Employment, Interest, and Money (emphasis added).

These revaluation effects caused by monetary policy have been documented by an ex-
tensive empirical literature. Bernanke and Kuttner (2005) study the effects of monetary
shocks on stock prices. Gertler and Karadi (2015) and Hanson and Stein (2015) consider
the effects on bonds. A robust finding of this literature is that changes in asset prices are
explained mainly by fluctuations in future excess returns, related to changes in the risk
premia, rather than changes in the risk-free rate.”

The extent to which changes in asset prices play a relevant role in the transmission of
monetary policy to the real economy, however, has been controversial. One view high-
lights the importance of wealth effects. Cieslak and Vissing-Jorgensen (2020) show that
policymakers track the behavior of stock markets because of their impact on households’
consumption, while Chodorow-Reich, Nenov and Simsek (2021) study the importance of
this channel empirically. An alternative view defends that changes in asset valuations
have no real implications. Cochrane (2020) and Krugman (2021) argue that movements
in discount rates lead to changes in “paper wealth,” without an impact on consumption.

In this paper, we study how monetary policy affects the real economy through changes

IThe revaluation of government liabilities was central to Pigou (1943) and Patinkin (1965), while Metzler
(1951) considered stocks and money. Tobin (1969) focused on the revaluation of real assets.
2For a recent review of this work, see Bauer and Swanson (2023).



in asset prices in a New Keynesian setting. We provide a new framework that generates
rich asset-pricing dynamics and heterogeneous portfolios while preserving the simplicity
of the textbook model. In particular, we propose a new solution technique that delivers
time-varying risk premium and precautionary savings motive without having to resort
to higher-order approximations.?> We derive necessary conditions for changes in risk pre-
mia to affect the real economy. Under special conditions, we obtain a risk-premium neu-
trality result, where changes in risk premia caused by monetary shocks affect asset prices,
but they have no effect on aggregate consumption and inflation. We identify the redis-
tribution generated by heterogeneous portfolios revaluations among agents with differ-
ent precautionary motives as the main channel through which risk premia affect the real
economy. Moreover, and despite being stylized, the model captures quantitatively cen-
tral aspects of the monetary transmission mechanism, including the term premium, the
equity premium, and corporate spreads, as well as the differential responses of borrowers
and savers to monetary shocks observed in the data. We then use the model to assess the
quantitative importance of the risk-premium channel and find that changes in risk premia
can account for a large fraction of the response of aggregate consumption and inflation to
changes in monetary policy in our model.

We consider an economy populated by workers and savers with two main ingredi-
ents: i) rare disasters, and ii) heterogeneous beliefs. Rare disasters enable us to capture
both a precautionary savings motive and realistic risk premia.* Savers invest in stocks,
long-term government bonds, and short-term debt, and have heterogeneous beliefs, as

in Caballero and Simsek (2020).°> This has two consequences. First, they hold heteroge-

3As shown in e.g. Schmitt-Grohé and Uribe (2004), a standard perturbation around the non-stochastic
steady state can only generate time-varying risk premia with at least a third-order approximation.

“Rare disasters have been widely used to explain a range of asset-pricing “puzzles”; see Tsai and
Wachter (2015) for a review.

>For recent evidence from bond returns consistent with belief heterogeneity, see Bauer and Chernov
(2023). A large literature on asset pricing studies models with heterogeneous beliefs, see e.g. Detemple and
Murthy (1994), Basak (2005), and Atmaz and Basak (2018).
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neous portfolios in equilibrium. Second, they have heterogeneous marginal propensities
to consume (MPCs) out of changes in wealth due to different precautionary motives. This
generates time-variation in risk premia in response to monetary shocks.

Our first contribution is methodological and consists of an aggregation result. Given
investor heterogeneity, we must characterize not only the dynamics of aggregate con-
sumption and inflation, but also the behavior of portfolios, asset prices, and individual
consumption. This increases the dimensionality of the problem and typically makes de-
riving analytical results infeasible. We show that our economy satisfies an as if result: the
economy with heterogeneous savers behaves as an economy with a representative saver,
but the probability of disaster, as implied by market prices, is time-varying and responds
to monetary policy. This market-implied disaster probability is a key determinant of asset
prices, and it is the main channel through which investor heterogeneity affects the real
economy.

Our second contribution identifies conditions under which time-varying risk premia
plays a role in the monetary transmission mechanism. Consistent with the evidence, a
contractionary monetary shock leads to an increase in risk premia and a reduction in the
price of risky assets. One could then conclude that this reduction in households” wealth
leads to a reduction in consumption. However, as the discount rate increases, the amount
of wealth required to finance the same amount of consumption also decreases. The net
effect of changes in risk premium is ambiguous and depends on whether households are
net buyers or net sellers of risky assets. As recently articulated by Cochrane (2020) and
Krugman (2021), a household who consumes the dividends from their financial assets can
still afford the same level of consumption after a change in discount rates.

Formally, we show that the aggregate wealth effect corresponds to the sum of all
households” wealth net of the change in the cost of the original consumption bundle.
Interestingly, the aggregate wealth effect does not depend on the equity premium. Move-

ments in equity prices redistribute wealth among investors but do not generate gains or
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losses for the household sector as a whole. In a closed economy, the government is the
only counterpart to the household sector, so the aggregate wealth effect depends on the
revaluation of government bonds and the amount of trading in these bonds.

Risk also affects the households’ precautionary motive, given the redistribution among
savers after a monetary shock. Because optimists hold a larger fraction of their wealth in
risky assets, an increase in the interest rate disproportionately reduces their wealth. Hold-
ing the aggregate wealth effect constant, this redistribution of wealth is then reflected in
the market-implied probability of disaster, which increases after the monetary shock. This
is the “as-if” result in action: redistribution between optimists and pessimists is akin to
an increase in the objective probability of disaster risk in a representative-agent model.

We perform next a quantitative exploration of the importance of risk and heterogene-
ity for the transmission of monetary shocks to the real economy. While the model lacks
some important dimensions present in state-of-the-art quantitative HANK models (e.g.,
rich MPC heterogeneity), this exercise is useful to get a first evaluation of the economic
relevance of these channels. We find that the time-varying precautionary motive accounts
for roughly 60% of the response of aggregate consumption on impact, while the response
coming from the aggregate wealth effect accounts for roughly 30% of the overall con-
sumption response. The intertemporal-substitution effect accounts for less than 10% of
the response of aggregate consumption on impact. Heterogeneous beliefs are crucial for
this result. The response of consumption in the economy with heterogeneous beliefs is
more than three times larger than in the economy with homogeneous beliefs. Finally, we
introduce long-term defaultable household debt and find that it amplifies the response of
aggregate consumption. Hence, risk and heterogeneity play a large role in how monetary

policy affects the real economy.

Literature review. Wealth effects have a long tradition in monetary economics. Pigou

(1943) relied on a wealth effect to argue that full employment could be reached even in



a liquidity trap. Kalecki (1944) argued that these effects apply only to government li-
abilities, as inside assets cancel out in the aggregate, while Tobin highlighted the role of
private assets and high-MPC borrowers. Recently, wealth effects have regained relevance.
Kaplan, Moll and Violante (2018) build a quantitative HANK model and find only a mi-
nor role for the standard intertemporal-substitution channel, leading the way to a more
important role for wealth effects. Much of the literature has focused on the role of hetero-
geneous marginal propensities to consume (MPCs) in settings with idiosyncratic income
risk. Instead, we focus on aggregate risk and heterogeneous portfolios.

Our work is closely related to two strands of literature. First, it is related to work
on the interaction between monetary policy and changes in asset prices, including mod-
els with sticky prices, such as Caballero and Simsek (2020), and models with financial
frictions, such as Brunnermeier and Sannikov (2016) and Drechsler, Savov and Schnabl
(2018).° In a recent contribution, Kekre and Lenel (2022) consider the role of the marginal
propensity to take risk in determining the risk premium and shaping the response of
the economy to monetary policy. Kekre, Lenel and Mainardi (2023) consider the role of
market segmentation in the determination of the term premium. We contribute to this lit-
erature by presenting an analytical framework that features aggregate risk and generates
a sizable time-varying risk premium while preserving the tractability of standard New
Keynesian models. Also related is Campbell, Pflueger and Viceira (2020) and Pflueger
and Rinaldi (2022), which use a habit model to study the role of monetary policy in deter-
mining bond and equity premia. Their models generate an exact log-linear Euler equation
that is independent of risk, which implies that aggregate consumption and inflation are
also independent of risk, consistent with our risk-premium neutrality result. In contrast,
aggregate risk, through the precautionary motives they generate, are a crucial channel of

transmission in our model.

6 Our work is also related to the literature on unconventional monetary policy and asset prices, see e.g.
Silva (2020), Caballero and Simsek (2021), and Corhay, Kind, Kung and Morales (2023).
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The paper is also closely related to the analytical HANK literature, such as Werning
(2015) and Debortoli and Gali (2017). While this literature focuses primarily on how the
cyclicality of income interacts with differences in MPCs, we focus instead on how het-
erogeneous asset positions interact with differences in MPCs. As e.g. Eggertsson and
Krugman (2012), we consider the role of household debt, but they abstract from risk and
focus instead on the implications of deleveraging. Iacoviello (2005) considers a mone-
tary economy with private debt but focuses instead on housing as collateral. Our work is
also related to Auclert (2019), which studies the redistribution channel of monetary policy
arising from portfolio heterogeneity. Our paper emphasizes the redistribution channel in
the context of a general equilibrium setting with aggregate risk.

Finally, a literature studies rare disasters and business cycles. Gabaix (2011) and Gou-
rio (2012) consider a real business cycle model with rare disasters, while Andreasen (2012)
and Isoré and Szczerbowicz (2017) allow for sticky prices. They focus on changes in dis-

aster probability while we study monetary shocks in a heterogeneous-agent model.

2 D-HANK: A Rare Disasters Analytical HANK Model

In this section, we consider an analytical HANK model with two main ingredients: i) the

possibility of rare disasters, and ii) heterogeneous beliefs.

2.1 The Model

Environment. Time is continuous and denoted by t € R;. The economy is populated
by households, firms, and a government. There is a continuum of households that can
be of three types: workers, optimistic savers, and pessimistic savers (denoted by w, o0 and p,
respectively), who differ in their discount rates and beliefs about the probability of the
economy being hit by an aggregate shock. We let y1; > 0 denote the mass of households



of type j € {w,o,p}, where uj + po + pp = 1. Households can borrow or lend at a
riskless rate subject to a borrowing constraint, and they can save on long-term nominal
government bonds and corporate equity. In this section, we assume that the borrowing
limit is zero. We study the case of a positive borrowing limit and defaultable long-term
household debt in Section 5. Workers are the only ones who supply labor, and they are
relatively impatient, so their borrowing constraint is binding in equilibrium.

Firms can produce final or intermediate goods. Final-goods producers operate com-
petitively and combine intermediate goods using a CES aggregator with elasticity e > 1.
Intermediate-goods producers use labor as their only input and face quadratic (Rotem-
berg, 1982) pricing adjustment costs. Intermediate-goods producers are subject to an
aggregate productivity shock: with Poisson intensity A > 0, their productivity is per-
manently reduced. This shock captures the possibility of rare disasters: low-probability,
large drops in productivity and output, as in the work of Barro (2006, 2009). Periods that
predate the realization of the shock are in the no-disaster state, and periods that follow the
shock are in the disaster state. The disaster state is absorbing, and there are no further
shocks after the disaster is realized.”

The government sets fiscal policy, comprising of transfers to workers and savers, and

monetary policy, specified by an interest rate rule subject to monetary shocks.

Savers’ problem. Savers face a portfolio problem where they choose how much to in-
vest in short-term bonds, long-term bonds, and corporate equity.

A long-term bond issued in period ¢ trades at a nominal market price Qr ; in the no-
disaster state and promises to pay coupons e~ ¥.(5~1) at all dates s > t. Because of the
structure of the coupon payments, the prices of the bonds issued at previous dates are

proportional to new issues, i.e. a bond issued in t — z trades at Q; ;e ¥1% in period t. The

7 Assuming an absorbing disaster state simplifies the presentation, but it is not essential for our results.
Allowing for partial recovery, as in e.g. Barro, Nakamura, Steinsson and Urstia (2013), introduces dynamics
in the disaster state, but it does not change the implications for the no-disaster state, which is our focus.
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rate of decay ¥y is inversely related to the bond’s duration, where a consol corresponds
to ¥ = 0 and the limit ¢y — oo corresponds to the case of short-term bonds. We de-
note by Q7 ; the price of the bond in the disaster state, where the star superscript is used
throughout the paper to denote variables in the disaster state. Then, the nominal return

on the long-term bond is given by

1 Qs
Qr:  Qus

Qi,t - QL,t

dt +
QL

AN,

dRL,t —

where N, is a Poisson process with arrival rate A (under the objective measure).
The price of a claim on real aggregate corporate profits is denoted by Qr ; and the real

return on equities evolves according to

Qk ¢
Qe Qs

Qz,t - QE,t

dNG,
QEt t

e L

where I1; denotes real profits and Qf ; is the equity price in the disaster state.

Savers have heterogeneous beliefs regarding the probability of a disaster. Subjective
beliefs about the arrival rate of the aggregate productivity shock are given by A;, for j €
{o,p}, where A, < Ap. We follow Chen, Joslin and Tran (2012) and assume that savers are
dogmatic in their beliefs about disaster risk, so we abstract from any learning process.

Savers’ subjective discount rate is a function of their consumption share, p; ; = p; (gs t )
where Cs; = —£2—C,p +

Hotpp Ho +P‘
Schmitt-Grohé and Uribe (2003), we assume that p; (-) depends on the average consump-

Cp,+ denotes savers’ aggregate consumption. Following

tion of type-j savers, so it is taken as given by any individual saver. This formulation, a
form of Uzawa (1968) preferences, implies that there is a unique stationary wealth distri-
bution, but it is otherwise not central to our results.

Let Bj; = B.St + B-Lt + BE denote the net worth of a type-j saver, the sum of short-

term bonds B?,, long-term bonds Bt

Y i and equity holdings B]]?:t. A type-j saver chooses



consumption C;;, long-term bonds BE,, and equity holdings Bf,, given an initial net worth

it jit’

B > 0, to solve the following problem:

V. (B; max E;
i) = e B

J22),2 )2

p C?*U
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subject to the flow budget constraint

dBj, = [(it — 70)Bjy + 11,iBYy + e B+ Ti — cj,t} dt + [B;it - B]-,t] NG,

L Qr:—QLt

ot —0 it Que +
BE EtTtEt denotes savers’ net worth after the disaster is realized, i; is the nominal inter-

est rate, 71; is the inflation rate, r Lt = QLt + gii P, — it is the excess return on long-term

bonds conditional on no disasters, rg; = Qr?t + gii (i — 1) is the excess return on

and borrowing constraint B;; > 0, given B;o > 0, where B“f = Bj: + B;

equities conditional on no disasters, and Tj; denotes government transfers. The random
arrival time t* represents the period in which the aggregate shock hits the economy. V. fi "
denotes the value function in the disaster state. The savers” problem in the disaster state
corresponds to a deterministic version of the problem above. The non-negativity con-
straint on B;; captures the assumption that households cannot borrow on net.

The savers” Euler equation for short-term bonds is given by

G\ 1 1
C* - ’ ()

where C *t is the consumption of a type-j saver in the disaster state. The first term captures

C; , A
ﬂZU_l(lt—ﬂt Pjt) + -

the usual intertemporal-substitution force present in RANK models. The second term
captures the precautionary savings motive generated by the disaster risk, and it is analogous

to the precautionary motive that emerges in HANK models with idiosyncratic risk.



The Euler equation for long-term bonds is given by

o
Cit\ Qut—Qi;
Ly =A== | ==t 2
L= (Cj*,t) QL ?)

price of quantity of
disaster risk risk

This expression captures a risk premium on long-term bonds, which pins down long-term
interest rates in equilibrium. The premium on long-term bonds is given by the product
of the price of disaster risk, the compensation for a unit exposure to the risk factor, and
the quantity of risk, the loss the asset suffers conditional on switching to the disaster state.

Similarly, the Euler equation for equities is given by

Cir\ Qrs—Q%,
rep = A; | =L _— 3
EE—7 <C].*,t> Qkt ©

The expression above pins down the (conditional) equity premium. Note that differences

in the quantity of risk drive the differences in expected returns between stocks and bonds.

Workers’ problem. Workers supply labor and have GHH preferences (Greenwood, Her-

cowitz and Huffman, 1988) over consumption and labor. Their problem is given by

% 1 1—0
te_Pw(Z_t) NwJ;(P —pw(F 1) 1%
Vs = o B | [T (Cun () e

subject to Byt = (it — 711) Bt + %Nw,t + Tw,t — Cu,t, and the borrowing constraint B, ¢ >
0, where W; is the nominal wage, P is the price level, and T, denote fiscal transfers.
We focus on the case where B, o = 0 and p;, is sufficiently large, so workers are con-

strained at all periods.® As workers are constrained, their beliefs about the disaster prob-

8In Appendix D.1, we introduce “wealthy hand-to-mouth” households into the model. We show that
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ability play no role in the determination of equilibrium. The labor supply is determined
by %f = Ni,t' GHH preferences imply that there is no income effect on labor supply,

roughly in line with the evidence (see e.g. Auclert, Bard6czy and Rognlie, 2021).°

Market-implied probabilities and the SDFE. From equations (2) and (3), we can see that,
even though savers disagree on the probability of a disaster, they agree on the value of a
unit of consumption in that state.!” We can then price any cash flow using the beliefs and
marginal utility of either optimistic or pessimistic savers. Instead of using the beliefs of
a specific saver, it is convenient to define the economy’s stochastic discount factor (SDF)
using the aggregate consumption of savers, and the corresponding disaster probability
implied by asset prices, as shown in Proposition 1. Proofs omitted in the text are provided

in the appendix.

Proposition 1 (Market-implied disaster probability). Define the market-implied disaster prob-
ability A as follows:

119

= | HoCor e S Y,
]JoCo,t + ]ipcp,t ]/loco,t + ﬂpcp,t

4 (4)

and let E4[-] denote the expectation operator associated with the arrival rate A for the disaster
shock. Then, n; = e~ I PSerZC; ¢ is a valid stochastic discount factor, i.e., n; correctly prices all

tradeable assets given the disaster probability Ay and an appropriately chosen process for ps ;.

The market-implied probability A; is a CES aggregator of individual probabilities,

weighted by the corresponding consumption share. Expression (4) is reminiscent of the

our results hold in this case with two types of constrained agents.
9GHH preferences avoid the counterfactual implications caused by income effects on labor supply in
sticky-price heterogeneous-agent models emphasized by Broer, Harbo Hansen, Krusell and Oberg (2020).
19The value of a consumption unit in the disaster state for saver j is A]’(C]‘*,t/ Cj)~7, the continuous-time

version of the standard expression for state prices, which is equalized for all savers from equations (2)-(3).
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complete-markets formula with heterogeneous beliefs in Varian (1985).!' In our setting,
consumption shares can potentially move over time, which leads to endogenous time-
variation in the perceived probability of a disaster. We can then price assets as-if the

economy has a representative saver with (endogenous) time-varying beliefs.

Firms’ problem. Intermediate-goods producers are indexed by i € [0, 1] and operate in
monopolistically competitive markets. Final good producers are price takers and combine
intermediate goods to produce the final good. Their demand for variety i is given by
Yiy = <%> - Y}, and the equilibrium price level is given by P; = ( fol Pgt_ edi) 11:
Intermediate-goods producers operate the linear technology Y;; = A;N;;. Productiv-
ity in the no-disaster state is given by A; = A, and productivity in the disaster state is
given by A; = A*, where 0 < A* < A. Intermediate-goods producers choose 77;; =
D;;/P;;, given the initial price P;o, to maximize the expected discounted value of real
profits subject to Rotemberg quadratic adjustment costs.!?> These costs are rebated back
to shareholders, so they do not represent real resource costs. The optimality condition for

the firms” problem delivers the non-linear New Keynesian Phillips curve (NKPC):

7ty = (it T Aﬂ%) T — (M —(1- el)A) Y, )
assuming a symmetric initial condition P;y = Py, foralli € [0,1], and nzt = 0.
Government. The government is subject to a flow budget constraint

Dey = (ir —m+r)Des+ ). #iTi
je{w,o,p}

11 For a discussion of similar aggregation results in heterogeneous-agents asset pricing models, see
Panageas (2020).
12For a version of the model with sticky wages, see Appendix D.2.
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and a No-Ponzi condition lim;_,« Eg[7:Dgt] < 0, where D¢ ; denotes the real value of
government debt, D o = D is given, and analogous conditions hold in the disaster state.
Transfers to workers are given by the policy rule Ty, = Ty (Y:). We assume T, + = Tp,¢, and
the government adjusts transfers to savers such that the No-Ponzi condition is satisfied.

In the no-disaster state, monetary policy is determined by the policy rule
iy =1+ (Prr7Tt + uy, (6)

where ¢, > 1, u; is a monetary shock, and r, denotes the real rate when 77; = u; = 0
at all periods. We assume that in the disaster state there are no monetary shocks, that is,
if = 1,4+ ¢7r;. By abstracting from the policy response after a disaster, we isolate the

impact of changes in monetary policy during “normal times.”

Market clearing. The market-clearing conditions are given by

Y. wCp=Y, B P‘jB]S,t =0, )3 VijL,t = Dc, Y VjBft = QEt
je{wop} je{w.o,p} je{w,op} je{wop}

e—1

and py Nyt = Ni, where Yy = (fol thjdz) “ and N; = fol N; 4di.

2.2 Equilibrium dynamics

Stationary equilibrium. We define a stationary equilibrium as an equilibrium in which
all variables are constant in each aggregate state. The economy will be in a stationary
equilibrium in the absence of monetary shocks, thatis, u; = 0 for all t > 0. Since variables
are constant in each state, we drop time subscripts and write, for instance, Cj,t = Cj and
C].ft = C]*. For ease of exposition, we follow Bilbiie (2018) and assume that T;, implements

Cv = Y and Cj, = Y, and a symmetric allocation in the disaster state: C;, = C; = C,,.
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We discuss a more general case in Appendix A.

The natural interest rate, the real rate in the stationary equilibrium, is given by

C (%
mee|(@) 1)

where ps and A are the values of ps s and A; in the stationary equilibrium, and 0 < C; < Cs.
We assume that the natural rate is positive, r, > 0. The precautionary motive depresses
the natural interest rate relative to the one that would prevail in a non-stochastic economy.

In a stationary equilibrium where both types of savers are unconstrained, the follow-
ing condition must hold p, + Ao = pp + Ap. As p; depends on the consumption share, this
condition pins down the stationary-equilibrium consumption and wealth distributions.
For simplicity, we assume that this equality holds when both types have the same net
worth, i.e, B, = By, which implies C, > C,.

From equation (2), we can pin down the term spread, the difference between the yield
7 Q-0

Qu 7/
and Q7 < Qr. It can be shown that r; = if —r,, where i = le — ¢ is the yield on

on the long-term bond and the short-term rate, which is given by r;, = A (g—;i)

the long-term bond. Thus, our model generates an upward-sloping yield curve, where

long-term yields exceed the short rate, consistent with the data.!®> Similarly, the equity

premium (conditional on no-disaster) is given by rg = A (%)U QE(SEQEI and Q% < Qp. 14
Therefore, the equity premium is positive in the stationary equilibrium.

Households have heterogeneous portfolios in equilibrium. Workers are against the
borrowing constraint and hold no equities or long-term bonds. Optimistic savers are
more exposed to disaster risk than pessimistic investors. The exact composition of their

portfolio is indeterminate, as we have one redundant asset. For concreteness, we focus

13The upward-sloping yield curve is caused by the lack of precautionary savings in the disaster state.
We would obtain similar results by introducing expropriation and inflation in a disaster, as in Barro (2006).
4The unconditional equity premium equals ¢ minus the expected loss on a disaster. Using A to compute
the expected loss, the (unconditional) equity premium would be given by A [(Cs/C#)” — 1] (Qr — Q) / Qk-
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on the case B = Bg, so optimists hold more long-term bonds, i.e. B} > B;[;. This leads to

a simpler presentation in the analysis that follows.

Log-linear dynamics. We focus on a log-linear approximation of the equilibrium condi-
tions. However, instead of linearizing around the non-stochastic steady state, we linearize
the equilibrium conditions around the (stochastic) stationary equilibrium described above.
Formally, we perturb the allocation around the economy where u; = 0 and A > 0, while
the standard approach would perturb around the economy where u; = A; = 0. This en-
ables us to capture the effects of (time-varying) precautionary savings and risk premia in
a linear setting, as shown below.

Let lower-case variables denote log-deviations from the stationary equilibrium, e.g.,

yt =logY;/Y and ¢yt = log Cy,t/ Cyp. Workers’ consumption is given by

Cot = W(wt — pr+1wp) + T (Y)Y = Cot = XyYt, (7)

using wy — pr = @yr and ngy = yi, where x, = Y52 (1 + ¢) + T, (Y). The coefficient x,

controls the cyclicality of income inequality among workers and savers. We focus on the

. o 1—
case 0 < xy < py 1 such that the consumption of savers, which is given by cs ; = %ﬂ;{yyt
from the market clearing condition for goods, is also increasing in y;.

Linearizing equation (1) and aggregating across savers, we obtain

1. A/ C N\
Cst =0 1(1t — T —1y) + p (C_S‘) Pd,ts (8)
where
par = 0(csr — cip) + As 9)

15This method differs from the procedure considered by Coeurdacier, Rey and Winant (2011) or
Fernandez-Villaverde and Levintal (2018), as we linearize around a stochastic steady state of an economy
with no monetary shocks, instead of the stochastic steady state of the economy with both shocks.
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denotes the price of (disaster) risk, A = log %, and we used the linearized discount-rate
function: p;; = p;j + ¢ (cj; — cst)-1¢ The expression for the price of risk has two terms.
The first term captures the change in the savers” marginal utility of consumption if the
disaster shock is realized. The second term represents the change in the market-implied
disaster probability after a monetary shock.

Combining condition (7) for borrowers” consumption, equation (8) for savers” Euler
equation, and the market-clearing condition for goods, we obtain the evolution of aggre-
gate output. Proposition 2 characterizes the dynamics of aggregate output and inflation,

given the paths of i; and p ;.

Proposition 2 (Aggregate dynamics). Given [it, p;]i>0, the dynamics of output and inflation

is described by the conditions:

i. Aggregate Euler equation:

Y= 5_1(it — T — 1) + XpaPd,ts (10)

S

~1 — A (G
% = 4 =S
where 7~ = 7 Tod and xp, = % (C:) .

ii. New Keynesian Phillips curve:
7T = 7T — KYt, (11)

where p = ps + Aand x = ¢~ (e — 1)¢Y.

Condition (10) represents the agqregate Euler equation. This equation has two terms,
capturing the effects of heterogeneous MPCs, aggregate risk, and heterogeneous beliefs.

The first term is the product of the aggregate elasticity of intertemporal substitution (EIS),

16 Uzawa preferences correspond to the case ¢ > 0 and constant discount rates correspond to ¢ = 0. To
simplify the model’s aggregation, we assume that the slope coefficient ¢¢ is the same for both types.
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!, and the real interest rate. The aggregate EIS depends on the cyclicality of inequality
among workers and savers, as captured by x,. As in the work of Werning (2015) and Bil-
biie (2019), heterogeneous MPCs amplify the effect of changes in interest rates if workers’
consumption share is procyclical (i.e., x, > 1), as it implies that 1 > o~ 1.

The second term, xp,pa: captures the effect of aggregate risk. To understand the
economic forces behind this expression, it is useful to rewrite equation (9) as p;; = 0y; +
At where we used that y; = 0. Then, the aggregate Euler equation can written as

Yr =0 iy — 710 — 1) + Oy + Xpd;\t/

whered = A (%) " In the absence of belief heterogeneity, so A; = 0, we can write output
asy; = —0 -1 f e 0=t (. — 1y — rn)ds. Hence, a positive § dampens the effect of future
real interest rates, as in the discounted Euler equation of McKay, Nakamura and Steinsson
(2017). In our setting, this is the result of a precautionary motive in response to aggregate
disaster risk instead of idiosyncratic income risk. The last term, x, d;\t, captures the effect
of heterogeneous beliefs. An increase in the market-implied disaster probability implies
that pessimistic investors have a higher consumption share, as shown in Proposition 1.
This increase in pessimism triggers a stronger precautionary motive in the aggregate.

Finally, Proposition 2 derives the NKPC. As in a textbook New Keynesian model, infla-

s—t)

tion is given by the present discounted value of future output gaps, 7t; = « [~ e (5=t ds.
Fiscal backing. The log-linearized government’s flow budget constraint is given by

dedcs = ipdgdg +dc(iv — e +rpp —iL) — (Xeye + ), (12)

where dg = % ,and x-y: + T: denotes the primary surplus. The coefficient xr = —pw T, (Y)

T
captures the elasticity of tax revenues to output and 7z = Z]e {o,p} Hj ’Y ! represents
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taxes on savers. As the government adjusts 7; to ensure the No-Ponzi condition is satis-

tied, we refer to 1; as the fiscal backing to the monetary shock.

2.3 Monetary policy and risk premia

Asset prices. The response of asset prices to monetary policy depends crucially on the
behavior of the price of disaster risk, as shown in equations (2) and (3). Given the (lin-
earized) price of risk in equation (9), we can price any financial asset in this economy. For

example, the price of the long-term bond in period zero is given by

oo [e9)
- t: - t
qro = —/ e (YL (G, — rn)dt—/ e~ (0Pt byt (13)
0 - \O -
path of nominal interest rates term premium

The yield on the long-term bond, expressed as deviations from the stationary equilibrium,
is given by —Qzlqm, which can be decomposed into two terms: the path of nominal
interest rates, as in the expectations hypothesis, and a term premium, capturing variations
in the compensation for holding long-term bonds. The term premium depends on the
price of risk, p; ;, and the asset-specific loading r;. Because the term premium responds
to monetary shocks, the expectation hypothesis does not hold in this economy.

The pricing condition for equities is analogous to the one for long-term bonds:

Y o0 o0
— t" — t .
Jeo0 = —/ e P'T1dt —/ e Pl liy— m — 1y +1Epa ) dt, (14)
Qe Jo o Jo
dividends discount rate

where IT; = y; — % (wi — pt + ny). Equity prices respond to changes in monetary policy
through two channels: a dividend channel, capturing changes in firms’” profits, and a dis-
count rate channel, capturing changes in real interest rates and risk premia. Risk premia

depends on the price of risk, p;;, and the asset-specific loading .
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Market-implied disaster probability. Recall that the price of risk depends on y; and A;.

We now characterize A;. Log-linearizing equation (4), we obtain

1 14 1 1
;/\EAt - ]/lclo]/lclp <Ag - Ag) |:Cp,t - CO,tj| 7 (15)

i<

where Hej = 1CoTHCy7

for j € {o,p}. The market-implied disaster probability increases
when the monetary shock redistributes wealth towards pessimistic savers. As shown in

Appendix A.3, the relative consumption of the two types of savers evolves according to

ép,t — Cot = _g(cp,t - CO,l’)/ (16)

and the law of motion of relative net worth b, — b, + is given by

bp,t - bo,t = P(bp,t - bo,t) - Xb,c(cp,t - Co,t) + Xb,csCs,ts

where the coefficients x; . and xj, ., are functions of portfolios and returns in the station-
ary equilibrium. Given that the evolution of relative net worth depends on cs;, and ¢,
depends on y;, we must simultaneously solve for [c,: — Cot, byt — bot|5” and [ir, yi, 7]
In this case, obtaining analytical results would likely be infeasible. We show next that this
system satisfies an approximate block recursivity property, where we can solve for ¢, — co ¢

and by — b, + independently of (yt, 7¢), provided the effect of c; ¢ on risk premia is small.

Proposition 3 (Approximate block recursivity). Suppose ryocs; is small for k € {L,E}, i.e.
reocsy = O(||is — ru||?). Then, the market-implied disaster probability A; and relative net worth

bp,t — bo,+ can be solved independently of (yi, 7t ), and they are given by

Ay = e MR, (17)
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byt — boy = e (byo — boy), and Yy = . If iy — ry = e~ ¥t (ig — 1), then Ag is given by
Ao = ealio —ra), (18)

where €, > 0 and the inequality is strict if and only if Ay > Ao.

Proposition 3 shows that we can solve for A+ and bp,+ — by independently of output
and inflation if rocs ; is small. If riocs ¢ is second-order on the size of the monetary shock,
its first-order impact on risk premia is negligible. In this case, we can solve for A; and
byt — bt independently of (y;, 7t;). As the dynamics of (y;, 71;) depends on A:, but A
does not depend on (y;, 7t;), we say the system is (approximately) block recursive. In Ap-
pendix A.4, we assess the quantitative importance of the term ryocs;. For our calibrated
parameters, we find that risk premium effects on stocks and bonds when we include the
term rioc, ¢ are nearly identical to the solution when these terms are omitted.

Uzawa preferences ensure that the effects of the monetary shock on the price of risk
are transitory. If { = 0, so subjective discount rates are constant, then ¥, = 0 and a
temporary monetary shock has a permanent effect on A;. The reason is that a monetary
policy surprise leads to permanent changes in relative net worth and relative consump-
tion in this case. With Uzawa preferences, savers’ net worth eventually converge to their
stationary-equilibrium level, so the effect on A; is transitory.

An important implication of equation (18) is that the price of risk increases after a
contractionary monetary shock. A monetary tightening redistributes wealth away from
optimistic investors, as they are more exposed to risky assets. The economy becomes
on average more pessimistic, which raises the required compensation for holding risky
assets. The increase in risk premia in response to contractionary monetary shocks is con-
sistent with the evidence in, e.g., Gertler and Karadi (2015) and Hanson and Stein (2015).

Notice that investor heterogeneity is necessary for this result, as A; = 0 when A, = Ap.
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The four-equation system. Proposition 3 allows us to write the price of risk as follows:
pay = 0yr +e Ay, (19)

where Ag is a function of the path of nominal interest rates. Combining the expression
above for the price of risk with the interest rate rule (6), the aggregate Euler equation (10),
and the NKPC (11), we obtain a four-equation system describing the economy’s aggregate
dynamics. The system is similar to the textbook three-equation model (see, e.g., Gali,
2015). The interest rate rule and the NKPC are isomorphic to the ones in the simple model.
Equation (10) is analogous to the standard Euler equation but features an additional term
that depends on the price of risk, p;;. It is this term that connects aggregate risk, asset
prices, and macroeconomic variables. Finally, equation (19) characterizes how the price
of risk depends on aggregate output and changes in monetary policy.

The approximate block-recursivity is crucial to allow us to write the system in terms of
aggregate variables, without having to simultaneously solve for the dynamics of individ-
ual balance sheets. The portfolio dynamics is summarized by two coefficients: €, which
captures the pass-through of nominal rates to the initial price of risk, and ), which con-
trols the persistence of the price of risk. Both coefficients depend on investors’ beliefs and

their portfolio holdings in the stationary equilibrium.

Comparison with uncertainty shocks. Monetary shocks lead to an endogenous change
in the market-implied disaster probability. A related literature studies the effects of ex-
ogenous uncertainty shocks in New Keynesian models (see e.g. Basu and Bundick 2017
and Caballero and Simsek 2020). In this literature, monetary policy leans against the un-
certainty shock, so interest rates and risk premia move in opposite directions. In contrast,
a monetary shock causes an increase in real rates and risk premia in our setting. Move-

ments in risk premia then amplify the impact of monetary policy on asset prices. Similar
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to these papers, our analysis requires that the monetary policy rule does not track the
natural rate in response to changes in the risk premium.

The mechanism through which monetary policy affects A; is reminiscent of the redis-
tribution channel in Kekre and Lenel (2022). Our approximate block recursivity property
allows us to incorporate this mechanism into a New Keynesian model in a tractable way,

as the aggregate impact of heterogeneous portfolios is summarized by A;.

3 Monetary Policy and Wealth Effects

We considered so far how monetary policy affects risk premia and asset prices through
their impact on the price of risk, p; ;, and the market-implied disaster probability, }\t. We

study next how the revaluation of real and financial assets affects the real economy.

3.1 Risk-premium neutrality

Asset revaluations caused by monetary policy have received significant attention recently.
For instance, Cieslak and Vissing-Jorgensen (2020) show that policymakers follow stock
market movements due to its potential (consumption) wealth effect. In contrast, Cochrane
(2020) and Krugman (2021) argue that wealth gains on “paper” are not relevant for house-
holds who simply consume their dividends. The next proposition provides exact condi-

tions under which such neutrality result would hold in our model.

Proposition 4 (Risk-premium neutrality). Suppose the government uses a consumption tax on
savers to neutralize movements in Ay, that is, T satisfies ¢ = A (%) Ay, where £¢ = log(1 +
), T = th’*, and the revenue is rebated back to savers such that it is budget neutral for them.
Then, [y, 7it,it|§ is independent of Ay. Moreover, the fiscal backing T is independent of Ay if one

of the following conditions hold: i) dg = 0; ii) dg > 0 and ¢ = oo; iii) dg > 0 and ; = 0.
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Figure 1: Output and asset prices response

Proof. Savers’ Euler equation for the riskless bond is now given by ¢s; = 0’1(1} — 7T —
rm— 1) + 2 (g—;i)U [At + ocs 4], which is independent of A; if £f = A (g—;i)U At As Tf =
7,”*, Euler equations for risky assets are not affected. The aggregate Euler equation takes
the same form as in Eq. (10), but with x,, = 0. Combining it with Eq. (6) and Eq. (11),
we obtain [y;, 714, i¢] independently of )A\,g. The fiscal backing 7; will also be independent
of A; if one of the following three conditions hold: i) dg = 0, so the fiscal backing simply
offsets the present value of transfers to workers; ii) dg > 0 and ¥y — c0o = 0,s0 rp = 0;

iii) dg > 0 and ;. = 0, so the government does not need to issue new debt. O

Under the conditions of Proposition 4, asset revaluations caused by monetary policy
have no real effects. Portfolio heterogeneity among savers helps improve the model’s
asset-pricing implications, but it has no bearing on how monetary shocks ultimately affect
the real economy. In particular, output and inflation are independent of A, — A,. Due to
the increase in the risk premium, an economy with heterogeneous beliefs would have a
larger drop in asset prices after a monetary contraction than an economy where A, = A,.
Importantly, the real rate would be the same in the two economies, so they only differ
in the behavior of risk premia. Even though stocks and bonds suffer a larger drop in
value, the response of output and inflation is the same as in the economy without belief
heterogeneity. Figure 1 illustrates this result in a numerical example, which shows output
and asset prices in two economies, with and without belief heterogeneity. Despite large

differences in asset prices, the response of output is the same in both economies.
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3.2 Wealth effects

But why do households in the economy that suffered a larger drop in asset prices con-
sume as much as households in the economy with a smaller fall in asset prices? How
do households in the former economy, who have lower initial wealth, even afford the
same level of consumption as households in the latter economy? To better understand

this result, we need to look at the household’s intertemporal budget constraint.

Asset revaluation. Household j’s intertemporal budget constraint (IBC) is given by:

! e
E —C;4dt| =B;g+E {/ -—T; dt], 20
0 [ o 70 jt :| 7,0 0 0 70 it ( )

Consider first the revaluation of the household’s financial assets after a monetary shock.
Up to first order, it is given by Bjo — B; ~ B]].5 geo + B].LqL,O. When interest rates increase,
the value of households’ stocks and bonds decreases, making them poorer. However, an
increase in the interest rate also impacts the cost of the households” consumption bundle.
Denote the value of a claim on consumption (i.e., the left-hand side of the IBC) by QC]-,t =
IE; [ > %C]’,Zdz}. Linearizing the value of the consumption claim, we obtain a pricing

condition analogous to the one for stocks and bonds (see equations 13 and 14):
Cj * —pt * ® —pt [ ;
4c,0 = Q—c] i e P(cjr+ )(C;fcjlt)dt - e (zt — T — Ty + rC]-pd,t> dt, (21)

s C e\’ Qc]»—QE ) .
where x+ = & and re, = A (&) —5—=. The first term represents the change in
h Xe rnc’] dre, = A& @ L. The first t P ts the chang

the household’s consumption bundle, while the second term represents the change in its
cost. We define household j’s wealth effect as the difference between the revaluation of the

household’s wealth plus the transfers claim and the change in the cost of the consumption
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bundle, that is,

1 Qg [
— L E ] —pt (s
Qo = C [Bj qLo + B qeo + QT].qT].,o] + < s e f (lt — T — Ty + rcjpd,t> dt,
] ]
~—~—
wealth effect asset-revaluation effect consumption’s discount-rate effect

where QT],,t = E; [ t°° %lezdz} corresponds to the value of the transfers claim. Notice

that this implies that we can write the IBC as
/0 e ! (Cj,t + Xes ;3) dt = Q. (22)

Expression (22) shows that a shock relaxes the household’s budget constraint if (3,5 > 0,
as households can then consume more in every period or state. The opposite happens if
Qjo < 0. As Qo captures a shift in the household’s intertemporal budget constraint, we
refer to Q) as a wealth effect, consistent with its use in microeconomic theory.17 Finally,
we define the aggregate wealth effect as the sum of the individual households” wealth
. _ uiCi
effect, thatis, Q9 = Yic(w.op} ¥ Qj0-
A special case. To illustrate the economics behind the risk-premium neutrality result,
consider a household who simply consumes the dividends from her equity investments,
SO B]L = QT], = 0. To focus on discount-rate changes, assume y; = 0. Then, Qjois
Bfooit‘ Qo [ ot
Qi = - e it — 7t — rn + 1EPAL] dt‘f'c_/ e’ [1t—7Tt—7’n +7ijd,t} dt.  (23)
] /0 ] /0

The first term corresponds to the drop in equity prices due to an increase in discount
rates. The second term corresponds to the drop in the amount of wealth required to

finance the initial path of consumption. As consumption equals dividends, the value

7We show in Appendix B.2 that Q) corresponds to (minus) the Hicksian wealth compensation, as
defined in Mas-Colell, Whinston and Green (1995).
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of the consumption claim equals the value of equity investments, B]E = Qc;, and the
risk compensation on the consumption claim equals the risk compensation on equities,
'E = T¢;e Therefore, the wealth effect is zero in this case: ()j9 = 0. This result is analogous
to the textbook effect of interest rate changes. If the household is neither a net buyer nor
a net seller of assets, interest rate changes have no wealth effect.'®

A similar point emerges in the discussion of capital-gains taxation. Discussing the im-
pact of a drop in interest rates for an investor (Bob) whose consumption equals dividends

every period, Cochrane (2020) says

"When the interest rate goes down, it takes more wealth to finance the same
consumption stream. The present value of liabilities — consumption — rises just

as much as the present value of assets, so on a net basis Bob is not at all better."

In our terms, the increase in financial wealth does not translate into a positive wealth
effect, as the increase in the stock price exactly cancels out the increase in the value of the
consumption claim after a drop in interest rates when consumption equals dividends.
Proposition 4 shows that a similar logic holds for the aggregate economy. For instance,
in the absence of government debt, the household sector’s consumption equals the div-
idends from their assets, which includes their human wealth. With government debt,
changes in discount rates may cause a redistribution between the household sector and

the government, which can be offset by movements in the fiscal backing ;.

The role of taxes and comparison with log utility. We have seen that the wealth effect
measures the extent a shock tightens households’” budget constraints. As the revenue
from the consumption tax introduced in Proposition 4 is rebated back to savers, the tax

does not affect the wealth effect. The consumption tax just offsets the precautionary effect.

8In a two-period model, we would have Cy + %HQ =Y+ %ﬂYl = By. If C; = Y}, a small increase in
r would not tighten the household’s budget constraint, despite a fall in the value of the assets (By).
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The wealth effect is independent of preferences, so the discussion above holds even
with log utility. In the absence of Uzawa preferences, consumption is proportional to
wealth in that case. Nevertheless, the wealth effect is zero when consumption equals div-
idends. Appendix B.3 shows that, in this case, the consumption response coincides with

the compensated (Hicksian) demand, reflecting substitution and precautionary effects.

3.3 Precautionary motives and heterogeneous MPCs

The behavior of the wealth effect illustrates why changes in asset prices are not sufficient
to generate a drop in consumption. Next, we show that differences in MPCs across agents

with heterogeneous beliefs is at the core of the real effects of movements in risk premia.

Redistribution and iMPCs. The next lemma shows that differences in beliefs translate

into differences in intertemporal MPCs (iMPCs).

Lemma 1 (Intertemporal MPCs). The iMPC at time t for saver j € {o, p} is given by

1
1 ac;jt B (P+§)X*A}-’ _

19Cy  (p+8) oGt

L= — ot = =
M]' o an,O — (lre ’ M]’t C] an,O

4

1
1+XA7
where x and X* are positive constants. Moreover, iVIPCs satisfy the following condition:
Teet My S| dr =1 24
e ],t + r_* ],t —_— . ( )
0 n

The iMPC at period t corresponds to the response of consumption at this date with
respect to a change in wealth at period 0. Given the assumption of Uzawa preferences,

iMPCs are decaying over time, consistent with the recent evidence by, e.g., Fagereng,

19 The standard definition of MPC corresponds to the iMPC at t = 0. For a discussion of iMPCs in the
context of HANK models, see Auclert, Rognlie and Straub (2018). Auclert (2019) analyzes the redistribution
channel of monetary policy in a model without aggregate risk.
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Holm and Natvik (2021) and Borusyak, Jaravel and Spiess (2024).2 An important impli-
cation of Lemma 1 is that optimistic investors have a higher iMPC in the no-disaster state

than pessimistic investors, and the reverse pattern holds in the disaster state:

Mo,t > Mp,t, :)k,t < M;;,tl

when A, < A,. These differences in iMPCs are tightly connected to movements in At.

Proposition 5. The market-implied disaster probability is given by
;\t = XA (Mo,t - Mp,t) (Qp,O - Qo,O) ’ (25)

where X, is a positive constant given in the appendix.

Proposition 5 shows that A; reflects the interaction between differences in iMPCs,
Mo+ — My 1, and redistribution induced by monetary policy, (3,0 — (y0. Hence, differ-

ences in iMPCs play an important role in how asset prices respond to monetary shocks.

Precautionary motive and heterogeneity. Differences in iMPCs create a wedge in the
precautionary motive of the heterogeneous-beliefs economy relative to an economy with

a representative saver. To see this fact, consider the (linearized) Euler equation for saver

J:

o
Ai [ C;
: =1/ ] ] *
Cit= 0 (it — 710 — 1) +; C* X ‘T(Cj,t - Cj,t) - C(Cj,t —Cst)
(. ~ - ] D — —
intertemporal substitution precautionary motive ~ Uzawa preferences

20 Note that we obtain time-varying iMPCs even in the case of log utility, given the endogeneity of
discount rates. We recover the standard log-utility result when discount rates are constant.
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: Ci
Using the fact that ¢+ = }jc (o ) #mcj,t, we can aggregate across savers:

A G\’ 1iCj
. —1/: s 1] *
Cst =0 (lt — 7t — Tn) + — (—) Z —U(Cj,t - Cj,t)‘
TNC/ jeopy HoCo T 1pCy
The aggregate Euler equation depends on the intertemporal-substitution channel and
the average precautionary motive. Interestingly, the average precautionary motive is not

equal to o(cs s — cf;), the precautionary motive in an economy with a representative saver:

1#iC

——————0(cjy — i) = 0(csp —c5p) + At
jG{O,P} ‘MOCO + I/lpcp ] ]/t S st

where the equality comes from the optimality condition for risky assets. Notice that we
typically have ¢;9 < 0 after a contractionary shock, and we assume that c;; = 0, which
would weaken the precautionary motive in the absence of heterogeneity. In contrast,
At > 0 after a contractionary shock, which tends to strengthen the precautionary mo-
tive. The difference is explained by the negative correlation between iMPCs and wealth

redistribution after the shock.

Macro-finance separation. A previous literature considered the related concept of macro-
finance separation. For instance, Tallarini Jr. (2000) and Gourio (2012) studied economies
where fluctuations in risk premia do not affect consumption, investment, or output. It
is crucial for their results, however, that the EIS is equal to one. This ensures that the
real interest rate exactly offsets movements in risk premia, so the price of the risky asset
remains unchanged.

In contrast, our result presents conditions under which changes in asset prices, driven
by changes in risk premia, have no impact on real equilibrium outcomes. Unlike the
macro-finance separation result, our analysis requires that asset prices adjust following

the initial shock, allowing us to evaluate the impact of the portfolio revaluations on
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savers’ consumption decisions. To isolate the transmission via asset prices, we introduce
consumption taxes designed to counterbalance the time-varying precautionary motive as-
sociated to fluctuations in A;. Proposition 4 then shows that two economies with different
levels of belief disagreement and, therefore, risk premia, will exhibit not only identical
paths of output and inflation but also the same path of nominal and real interest rates.
As the real rate is the same while the price of the risky assets varies between the two
economies, we can conclude that differences in financial wealth alone do not affect the

real variables of the economy.?!

3.4 Intertemporal substitution, risk, and wealth effect

We consider next the response of output and inflation to changes in monetary policy in

the absence of the consumption tax. Consider the dynamic system in Proposition 2:

j 5 —ot v
yt _ Yt n t ,

7Tt —K 0 Tt 0

where we have substituted p;; with the expression in equation (9), and v; = (i —
ru) + Xp,A+ depends only on the path of nominal interest rates. The eigenvalues of the

system are given by

p+8+/(o+06)2+4(6 1k — pd) o p+86—/(o+0)2+4(6 1k — pd)
2 ’ = 2 ’

w =

The following assumption, which we assume holds for all subsequent analysis, guaran-

tees that the eigenvalues are real-valued and have opposite signs, i.e., w > 0 and w < 0.

Assumption 1. The following condition holds: & 'x > pé.

2lIn Online Appendix D.3 we show that our model can reproduce the macro-finance separation result.
We also extend our risk-premium neutrality result to an economy with investment.
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This assumption implies that local uniqueness of the equilibrium requires a positive

coefficient on inflation in the Taylor rule. We show in Appendix B.6 that the equilibrium

is locally unique if ¢ > 1 — &f ?K = ¢_.. Assumption 1 ensures that ¢ > 0.

Output. We extend next the analysis in Caramp and Silva (2023), which decomposes the
equilibrium path of output into an intertemporal substitution effect (ISE) and a wealth effect,
to our setting with aggregate risk. We focus on the case in which the monetary shock
induces an exponentially decaying path for the nominal interest rates; that is, we assume

i — 1y, =e ¥nt (ip — ), where 1, determines the persistence of interest rates.??

Proposition 6 (Aggregate output in D-HANK). Suppose that iy —r, = e ¥n(ig —r,) and
Y # —w, for k € {m, A}. The path of aggregate output is then given by

ye=0"mi+ e + (p—w)e Oy, (26)
N—— N—— —_————
ISE time-varying GE factorx

precautionary motive  aggregate wealth effect

_ _ #iCj A s
where XA = Xp,€1 Q0 = Licfwopy v Yo, and Gy, is given by

o (p-w)e —(p+p)e
yk,i’ - (w‘i_ ll]k) (g"‘ Ebk) (ZO ri’l)/ (27)

and satisfies [;° e P! dt =0 Weo 0, for k € {m,A}.

’ iy
Proposition 6 shows that output can be decomposed into three terms: an intertemporal-

substitution effect (ISE), a time-varying precautionary motive, and the aggregate wealth
effect ().

The first term captures the standard intertemporal substitution channel present in

RANK models. It depends on the aggregate EIS, ¢! = 11_;}:] ;”(y o1, and §,; given in

22The proof of the proposition contains the general case.
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(27). Notice that, even though only a fraction 1 — y,, of agents substitute consumption
intertemporally, the ISE does not necessarily get weaker as we reduce the mass of savers
in the economy. As we reduce 1 — iy, less agents are capable of intertemporal substi-
tution, but the amplification from hand-to-mouth agents gets stronger. The two effects
exactly cancel out when x, = 1. Importantly, the ISE is equal to zero on average, i.e.
Jo e " 9msdt = 0. An increase in interest rates shifts demand from the present to the
future, but by itself it does not change the present value of aggregate demand.

The second term captures the effect of the time-varying precautionary motive. This
term is equal to zero in the absence of belief heterogeneity. In this case, the model be-
haves as a TANK model with zero liquidity (see e.g. Bilbiie 2019 and Broer et al. 2020).
As with the EIS, the precautionary motive shifts demand from the present to the future
without changing its present value, that is, [~ e *'J, ;dt = 0. The persistence of the pre-
cautionary effects is controlled by ¢,, as it depends on the rate at which the balance sheet
of optimistic investors recover after a contractionary shock.

The third term in expression (26) plays an important role, as the aggregate wealth
effect determines the average response of output to the monetary shock. The GE factor
shifts the impact of the wealth effect over time, as we have that (0 — w) [~ e~ (P~<)dt = 1.
Everything else constant, an increase in () raises output in all periods by p()y, creating
a parallel shift in output over time. In general equilibrium, a positive aggregate wealth
effect leads to inflation on impact, which reduces the real rate and shifts consumption to
the present. The GE factor shows that the effect of ()y on yy exceeds the effect on average
consumption, pQ)g, by the factor % > 1.

This decomposition will be relevant in the interpretation of our quantitative results in
Section 4. In particular, it will allow us to assess the importance of standard channels cap-
tured in RANK models (e.g., the intertemporal-substitution effect), relative to channels

specific to models with risk (e.g., the precautionary motive).
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Inflation. The next proposition characterizes the behavior of inflation.

Proposition 7 (Inflation in D-HANK). Suppose iy — r, = e~ ¥nt(iy — ry) and ¢ # —w for
k € {m,A}. The path of inflation is given by

T = 0 Rt + XA R+ ke Oy, (28)

N wt __ ,— Pt “ A
where fy, = e ) — 1), g = 0and 224 > 0, fork € {m, A},
kt ( k,0 o

@@y, (o

Inflation can be analogously decomposed into three terms. The first two terms capture
the impact of the ISE and time-varying precautionary motive, while the last term captures
the impact of the aggregate wealth effect. Because 7t g = 0, the first two terms are initially

zero. Initial inflation is then entirely determined by the aggregate wealth effect.

Implementability. In Appendix B.6, we show that, for any given path of [u;]§, there is
a unique equilibrium path [i, ;|5 provided ¢, > 1 — 6@—?}(. Conversely, for any given
path of [i;, 4], there is a unique path of monetary shocks [i;]§’ that implements this path
of policy variables in equilibrium. Hence, there is no loss of generality in expressing the
solution in terms of policy variables i; and 7; instead of directly in terms of ;.
Propositions 6 and 7 solve for output and inflation in terms of the nominal rate and the
aggregate wealth effect ()y. The next expression shows that the aggregate wealth effect

can be written as a function of only [i, Tt]8°:23

Qp = P9
(p—w)xr +dcx

{/ ePtABtL(it—rn+rL;\t)dt—EG/ ePtﬁtdt—/ eptTtdt] , (29
0 0 0

where 7ty = 6 Ay + X270 is a function of [i;]°, ABF = (1 — e ¥1t)dg, and we assumed

EGK
p—w

Xt + > 0. Equation (29) shows that changes in discount rates affect the aggregate

23To obtain Eq. (29), plug y; and 71; from Propositions 6 and 7 into Eq. (23), aggregate across households,
and solve for Q).
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wealth, for a given fiscal backing, only through government bonds. In particular, the
excess return on equities, as captured by rg, does not affect ().

In our quantitative analysis, we consider two approaches to discipline the monetary
shocks. First, we estimate the fiscal backing directly from the data and find the monetary
shock that implements the empirically estimated fiscal backing. Second, we consider the
monetary shock that implements the minimum state-variable (MSV) solution (see McCal-
lum 1999). This corresponds to the method used to compute the solution of the textbook
NK model. The MSV corresponds to the unique solution where output and inflation are

linear functions of contemporaneous values of i; and A;.

4 The Quantitative Importance of Wealth Effects

In this section, we study the quantitative importance of risk and wealth effects in the
transmission of monetary shocks. While the model is stylized and lacks some important
dimensions present in state-of-the-art quantitative HANK models (e.g., rich MPC hetero-

geneity), this exercise is useful to assess the economic relevance of these channels.

4.1 Calibration

The parameter values are chosen as follows. The discount rate of savers is chosen to
match a natural interest rate of r,, = 1%. We assume a Frisch elasticity of one, ¢ = 1, and
set the elasticity of substitution between intermediate goods to € = 6, common values
adopted in the literature. The fraction of workers is set to ji, = 30%, consistent with the
fraction of (poor and wealthy) hand-to-mouth agents in the U.S. estimated by Kaplan,
Violante and Weidner (2014). The parameter dg is chosen to match a ratio of the market
value of public debt in the hands of the private sector to GDP of 28% and ¢ is chosen to

match a duration of five years, roughly in line with the historical average between 1962
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and 2007 for the United States (Hall and Sargent 2011). The parameter T},(Y) is chosen
such that x,, = 1, which requires countercyclical transfers to balance the procyclical wage
income.?* A value of x, = 1 is consistent with the evidence in Cloyne, Ferreira and
Surico (2020) on the monetary policy impact on the income of borrowers (proxing for
hand-to-mouth agents) and savers, where they show that the net income of mortgagors
and non-mortgagors reacts similarly to monetary shocks.

To calibrate the disaster risk parameters, we follow closely Barro (2006). We set A (the
steady-state disaster intensity) to match an annual disaster probability of 1.7%. To better
map the model to the data, we consider an extension where the magnitude of the drop in
productivity, (4 =1 — ATf, is stochastic and draw from a given distribution known by all
agents. We adopt the empirical distribution estimated by Barro (2006), where { 4 ranges
from 15% to 64%, with an average of 29%. Introducing a random disaster size has only a
minor effect on the analytical expressions, with the term (CJ) 7 being typically replaced
by E[(C?) 7], where the expectation is taken over the disaster size { 4.%

The risk-aversion coefficient is set to ¢ = 4, a value within the range of reasonable
values according to Mehra and Prescott (1985), but substantially larger than ¢ = 1, a value
often adopted in macroeconomic models. Our calibration implies an equity premium in
the stationary equilibrium of 7.0%, in line with the observed equity premium (Campbell
2003). Moreover, by setting ¢ = 4 we obtain a micro EIS of ¢! = 0.25, in the ballpark of
an EIS of 0.1 as recently estimated by Best, Cloyne, Ilzetzki and Kleven (2020), and in line
with the estimates for asset holders by Havranek (2015) of 0.3. The pricing cost parameter
@ is chosen to match a slope of the Phillips curve of ¥ = 0.30, which is the value for x in

the textbook model with an average price duration of three quarters and o = 4.

24In our baseline model, a counterfactually large reaction of transfers is required to achieve x, = 1. We
show in Appendix C.2 that a version of the model with sticky wages delivers values of x,, close to one when
transfers are calibrated to match the retention function in Heathcote, Storesletten and Violante (2017).

ZWith a risk aversion of o = 4 and the estimated distribution of disaster sizes, the expected change in

marginal utility conditional on a disaster is given by IE [(1 - A)_‘T} =7.69.
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Figure 2: Estimated fiscal response to a monetary policy shock

Note: IRFs computed from a VAR identified by a recursiveness assumption.Variables included: real GDP per capita, CPI inflation,
real consumption per capita, real investment per capita, capacity utilization, hours worked per capita, real wages, tax revenues over
GDP, government expenditures over GDP, federal funds rate, 5-year constant maturity rate and the real value of government debt
over GDP. We estimate a four-lag VAR using quarterly data for the period 1962:1-2007:3. The real value of government debt and the
5-year rate are ordered last, and the fed funds rate is ordered third to last. Gray areas are bootstrapped 68% confidence bands.

For the policy variables, we follow Jiang, Lustig, Van Nieuwerburgh and Xiaolan
(2019) and estimate a standard VAR augmented with fiscal variables and compute empir-
ical IRFs applying the recursiveness assumption. We provide the details of the estimation
in Appendix E. Figure 2 shows the dynamics of fiscal variables in the estimated VAR in
response to a contractionary monetary shock that increases the policy rate by 100 bps on
impact. Government revenues fall in response to the contractionary shock, while govern-
ment expenditures fall on impact and then turn positive, likely driven by the automatic
stabilizer mechanisms embedded in the government accounts. The present value of in-

terest payments increases by 36 bps and the initial value of government debt drops by 18

bps.2® The present value of primary surpluses increases by just 9 bps.
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Figure 3: Nominal interest rate and forward curve.

Note: The left panel shows the IRF for the Federal Funds rate in the VAR and the path of nominal interest rates in the model. The
right panel shows the response of forward rates to a 100 bps change in the two-year yield, as estimated by Hanson and Stein (2015),
and the corresponding forward curve in the model when the monetary shock is scaled such that the two-year yield increases by 100
bps. Grey areas are confidence bands.

4.2 Asset-pricing implications of D-HANK

We focus on a monetary shock that generates a path for the nominal interest rate that can
be represented by iy — r, = e ¥l (ip —r,). We set 1, = 0.33, which gives a half-life of
roughly two quarters, so the path of nominal interest rates closely matches the impulse-
response of the Federal Funds rate from the VAR, as shown in the left panel of Figure 3.
To obtain A, we need to calibrate €, which determines the elasticity of asset prices to
monetary shocks, and 1, which captures the persistence of changes in risk premia. We
calibrate these parameters to match two sets of moments. First, the initial response of the
5-year yield on government bonds to a monetary shock. We find that a 100 bps increase
in the nominal interest rate leads to a 32 bps increase in the 5-year yield. Second, the
response of the entire forward curve around FOMC meetings, as estimated by Hanson and

Stein (2015). The solid line in the right panel of Figure 3 shows their estimates of the

i — ~
26 The present discounted value of interest payments is calculated as ¥/ (11%%) ¢ {d}g (ips — ﬁt)} , and
similarly for other variables, where 7 is the truncation period, i ; is the IRF of the 5-year rate estimated in
the data, and 7; is the IRF of inflation. We set g = 0.02 and i} = 0.043. We choose T = 60 quarters, when

the main macroeconomic variables, including government debt, are back to their pre-shock values.
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response of forwards rates to a 100 bps change in the two-year yield, while the dashed
line shows the corresponding response of forward rates in the model.”” A striking feature
of Hanson and Stein’s (2015) results was that monetary shocks affected forward rates in
the far distant future, a fact at odds with standard models. In contrast, Figure 3 shows
that our model is able to closely match their evidence.

The procedure above gives a value of 0.57 to ¢,, implying a half-life of roughly 4
months.?® The value of €, is 315, which implies a change of 33 bps in the probability
of disaster in response to a 25 bps monetary shock. Given that monetary shocks are typi-
cally small in the data, this implies a variability in the market-implied disaster probability
induced by monetary shocks that is only a small fraction of the overall volatility in the
disaster probability of 114 bps, as estimated by Wachter (2013).%

Figure 4 shows the response of the yield on the long-term bond and the contributions
of the path of future interest rates and of the term premium. The bulk of the reaction
of the yield reflects movements in the term premium, consistent with the findings of e.g.
Gertler and Karadi (2015). The model also captures the responses of asset prices that were
not directly targeted in the calibration. Consider first the corporate spread, the difference
between the yield on a corporate bond and the yield on a government bond (without risk
of default) with the same promised cash flow. This is consistent with the way the GZ
spread is computed in the data by Gilchrist and Zakrajsek (2012). Let e~ ¥ denote the
coupon paid by the bond issued by the representative firm. We assume that the monetary
shock is too small to trigger a default, but corporate bonds default if a disaster occurs,

where lenders recover the fraction 1 — {r of promised coupons. We calibrate ¢r and {r to

27 Appendix C contains the derivation of the partial differential equation (PDE) describing the evolution
of forward rates and the procedure we used to numerically solve it.

28This value of 1, implies a lower persistence of iMPCs than the estimates of Fagereng et al. (2021), but
it is roughly in line with the recent findings of Borusyak et al. (2024).

2The value for €, is consistent with an annual disaster probability of less than 0.01% for optimistic
savers and 7% for pessimistic savers in our preferred interpretation. In Appendix C.3, we show how the
mapping between €, and the underlying belief heterogeneity changes under different assumptions.
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Figure 4: Asset-pricing response to monetary shocks.

match a duration of 6.5 years and a credit spread of 200 bps in the stationary equilibrium,
consistent with the estimates reported by Gilchrist and Zakrajsek (2012). Note that the
calibration targets the unconditional level of the credit spread. We evaluate the model on
its ability to generate an empirically plausible conditional response to monetary shocks.
Figure 4 shows that the corporate spread responds to monetary shocks by 11 bps. We
introduce the excess bond premium (EBP) in our VAR and find an increase in the EBP of
6.5 bps with a standard-error of 3.1 bps, roughly consistent with the model’s prediction.
Thus, the model produces quantitatively plausible movements in the corporate spread.
Another untargeted moment is the response of equity prices. The model generates a
decline in stocks of 4.0% in response to a 100 bps increase in interest rates, which coincides
with the point estimate of Bernanke and Kuttner (2005).3Y Consistent with their tindings,
the response of stocks is explained mostly by movements in the risk premium. Notice
the price-dividend ratio falls after a contractionary shock, despite a low EIS. In contrast,
Barro (2009) finds that the price-dividend ratio in the endowment disaster model with
separable utility increases with the probability of disaster when the EIS is less than one.

This motivates the adoption of a high EIS in an Epstein-Zin setting.>! Sticky prices is cru-

30We follow standard practice in the asset-pricing literature and report the response of a levered claim
on firms’ profits, using a debt-to-equity ratio of 0.5, as in Barro (2006).
31 For a similar reason, a high EIS is adopted in long-run risk models, see e.g. Bansal and Yaron (2004).
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Figure 5: Output in D-HANK.

Note: In both plots, the path of the nominal interest rate is given by i; — r, = e~ ¥m!(iy — r,), where iy — r, equals 100 bps. The left
panel shows the solution with the estimated fiscal backing, while the right panel shows the MSV solution.

cial to avoid counterfactual movements in equity prices in our CRRA setting, as changes
in disaster probability would have the opposite effect on stock prices in the flexible-price
version of the model. Dividends are roughly acyclical. Due to the assumption of GHH

preferences, we avoid the strongly countercyclical profits typical of sticky-prices models.

4.3 Wealth effects in the monetary transmission mechanism

Figure 5 presents the response to a monetary shock of output and its components. The
left panel shows the solution when the fiscal backing matches the empirical estimates of
Section 4.1, while the right panel shows the conventional MSV solution. In the case with
the estimated fiscal backing, output drops on impact by 1.15% in response to an increase
of 100 bp in the nominal interest rate, roughly in line with the estimates by Miranda-
Agrippino and Ricco (2021). The time-varying precautionary motive (TVP) accounts for
60% of the initial output response, while the aggregate wealth effect (adjusted by the GE
tactor) accounts for 30%. The ISE accounts for less than 10% of the initial output response,
indicating that intertemporal substitution plays only a minor role in our model.

We find stronger real effects with the MSV solution, where output drops by 1.66%
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Figure 6: Long-term bond yields and output for economies with and without risk.

on impact. The difference is entirely driven by the aggregate wealth effect, which now
explains more than the 50% of the overall effect, with the ISE and TVP being numerically
the same as in the case with the estimated fiscal backing. The stronger impact on output,
however, requires an increase in the present value of primary surpluses of more than 220

bps, which is more than twenty times bigger than what we estimate in the data.

4.4 The limitations of the homogeneous-beliefs model

The model delivers a substantial response of output, despite a relatively weak intertem-
poral substitution channel. But is this the result of introducing disaster risk or is it due to
heterogeneous beliefs? To answer this question, we consider the behavior of asset prices
and output in an economy with homogeneous beliefs (i.e. A > 0 but ) = 0).

Figure 6 (left) shows that the yield on the long bond increases by only 12 bps, less than
half of the response estimated by the VAR in Section 4.1. Moreover, the term premium is
essentially zero. In this case, stocks would also be mostly driven by interest rates instead
of risk premia, inconsistent with the evidence in Bernanke and Kuttner (2005).

Figure 6 (right) shows the response of output for an economy with disaster risk and
homogeneous beliefs (solid line) and an economy without disaster risk (dashed line). In
both cases, we consider the solution that matches the estimated fiscal backing. In the

absence of belief heterogeneity, the impact on output of a monetary shock is substantially
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weaker, with a drop in output of roughly 0.35%. This is more than three times smaller than
the impact on output in the case with belief heterogeneity. Moreover, the solution with
disaster risk and homogeneous beliefs is almost identical to the one without disasters.
Introducing disaster risk allows the model to capture important unconditional asset-
pricing moments, such as the equity premium or an upward-sloping yield curve, but the
model is unable to match key conditional moments, such as the response of asset prices to

monetary policy, which affects how monetary policy impacts the real economy.

5 The Effect of Risk and Maturity of Household Debt

We have focused so far on how monetary policy affects the value of households” assets,
such as stocks and bonds. However, movements in risk premia can also affect the real
economy through its impact on household debt. In this section, we extend the baseline

model to allow workers to borrow a positive amount using long-term risky debt.

5.1 The model with long-term risky household debt

Workers issue long-term debt that promises to pay exponentially decaying coupons given
by e~ ¥* at period t > 0, where ¥p > 0. In response to a large shock, i.e., the occurrence of
a disaster, workers default and lenders receive a fraction 1 — (p of the promised coupons,
where 0 < {p < 1. Fluctuations in the no-disaster state are small enough such that they
do not trigger a default. Thus, workers default only in the disaster state.

Workers can borrow up to Dp; = Qp;F, which effectively puts a limit on the face

42



value of private debt F.>? The (log-linearized) consumption of workers is given by

Cut = XyYt — (ip l_iplpp (ipy —ip) — 7Tt) dp, (30)
where dp = % denotes the debt-to-income ratio in the stationary equilibrium, and ip; =
QLP,t — 1pp is the yield on household debt. Equation (30) generalizes the expression for
workers’ consumption given in Section 2. When debt is short-term, )p — oo, and riskless,
{p = 0, we obtain ip; = i;. With a consol, p = 0, households simply pay the coupon
every period and there is no need to issue new debt. Therefore, they are insulated from
movements in nominal rates. For intermediate values of maturity and risk, monetary

policy affects workers through changes in the nominal interest rate i; and the spread rp .

Proposition 8 (Aggregate output with long-term risky household debt). Suppose that i; —
rn = e ¥ul(io —ry) and rpocsy = O(]iy — ra||?). Aggregate output is then given by

— 1, R dpypp Dnfim,t rPEAPAYA
Yy =0 1ym,t + X0z + Hw 110 1Pm3/m, lP Ya, + (P _ g)egtﬂol
}_Vwa P+ Pp + P P+l[)p+l/1)\j R 3
ISE time-varying househol‘:i‘—rdebt effect GE factor x
precautionary motive aggregate wealth effect

where P = P +p — ry fork € {m, A}.

Proposition 8 extends the decomposition in Proposition 6 to the case of long-term
risky household debt. Household debt effectively amplifies the ISE and the time-varying
precautionary motive effect. If household debt is safe and short term (i.e, {p = 0 and
ypp — o0), then the household-debt effect loads only on #,,, amplifying the ISE. When
debt is long-term or when households can default, then rp > 0 and the household-debt

effect also loads on 7, ;, amplifying the precautionary motive effect.

32This formulation guarantees that, after an increase in nominal rates, the value of household debt and
the borrowing limit decline by the same amount. This specification of the borrowing constraint, combined
with the assumption of impatient borrowers, guarantees that borrowers are constrained at all periods.
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5.2 Quantitative implications

We consider next the quantitative effects of introducing household debt. We calibrate
dp to match a debt service payment to disposable personal income of 10%. We choose
Yp to match a duration of 5 years, consistent with the mortgage duration estimated by
Greenwald, Leombroni, Lustig and Van Nieuwerburgh (2021) of 5.2 years. We choose (p
to match a spread of 2% in a stationary equilibrium relative to the riskless bond with the
same promised coupons. Figure 7 shows the role of household debt in the transmission
of monetary policy to the economy. The top left panel shows the output decomposition
with the estimated fiscal backing. Output on impact drops by 1.6% in response to a 100 bp
increase in nominal rates, where the TVP channel accounts for roughly half of the overall
response and the aggregate wealth effect (adjusted by the GE factor) accounts for roughly
40%. The top right panel shows the decomposition for the MSV solution. In this case,
the drop in output is nearly 50 bp larger than the one with the estimated fiscal backing.
However, this requires a present value of primary surplus that is ten times larger than the
one we estimated.

The bottom left panel of Figure 7 shows the impact on output for a range of special
cases nested by our model. In all cases, we focus on the solution that matches the esti-
mated fiscal backing. The line denoted by RANK corresponds to the solution without
disaster risk and zero household debt, which aggregates to the textbook model. The line
denoted by HANK corresponds to the solution with positive debt, which given the het-
erogeneous MPCs between workers and savers captures an important channel of typical
HANK models. We also consider two versions of the model with heterogeneous beliefs
(D-HANK), with and without household debt. The output response in HANK is 12 bp
larger than in RANK. However, the impact on output in HANK is substantially smaller
than in either version of D-HANK. Introducing household debt in D-HANK raises the

impact on output by 48 bp. Hence, household debt interacts in important ways with
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Figure 7: The role of household debt: output decomposition and model comparison

disaster risk. The bottom right panel shows the impact on inflation. A similar pattern
emerges: we obtain a larger response of inflation under HANK than under RANK, but it

is substantially weaker than the inflation response under D-HANK.

5.3 The role of the EIS

We have seen that the real effects of monetary shocks are significantly weaker when we
shut down risk and heterogeneity. This appears to be in contrast with standard results
from the textbook model, which typically generates large real effects. Figure 8 shows that
the calibration of the EIS plays an important role for this result. The left panel shows the
MSYV solution of the RANK model when we set ¢ = 1 and use the persistence of monetary
shocks from Gali (2015). Output drops by 1.1% in response to a 100 bp increase in nominal

rates, a substantial effect. The aggregate wealth effect, adjusted by the GE factor, accounts
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Figure 8: The role of the EIS in RANK’s quantitative performance.

for the majority of the output response. The middle panels shows the MSV solution of the
RANK model for o = 4, as in our baseline calibration. We keep all the other parameters
tixed, including the slope of the Phillips curve k. The response of output is now ten times
smaller. The right panel shows the solution that matches the estimated fiscal backing with
o = 4, which is nearly the same as the MSV solution with o = 4.

These results indicate that the quantitative performance of the standard RANK model
relies on a counterfactually strong intertemporal-substitution effect, which ends up being
amplified in general equilibrium by a large wealth effect. When the model is calibrated
to match the observed levels of public debt, this strong wealth effect requires an implied
tiscal backing that is too large relative to empirical estimates. This shows that the stan-
dard model lacks realistic mechanisms to generate large real effects of monetary policy.
Introducing heterogeneous MPCs and household debt improves the model performance,
but effects are still not large enough, in particular when debt is long term. We have seen
that risk and belief heterogeneity provide a powerful mechanism to generate the strong

real effects of monetary shocks observed in the data.
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6 Conclusion

In this paper, we provide a novel unified framework to analyze the role of risk and het-
erogeneity in a tractable New Keynesian model. The methods introduced in this paper
can be applied in other settings. For instance, they can be used to introduce time-varying
risk premia in a full quantitative HANK model with idiosyncratic risk. One could also
introduce a richer capital structure for firms and study the pass-through of monetary pol-
icy to households and firms. These methods may enable us to bridge the gap between the
existing work on heterogeneous agents and monetary policy and the emerging literature

on the role of asset prices in the transmission of monetary shocks.
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Appendix: Proofs

Proof of Proposition 1. To ensure that 7; correctly prices long-term bonds and equities, con-

sistent with equations (2) and (3), the market—implied disaster probability must satisfy the

4 i\’ Ko , : L
condition Ay (S* > = A; <C]*t> = Ciy = (A_t) G- Pluggmg C;, into the definition
of savers’ average consumption in the disaster state, CJ;, = C* + % +y C, and

. . . . C
rearranging gives equation (4). By setting ps¢ = Yic(o ) m(pﬂ +Aj) — A, we
ensure that #; correctly prices risk-free bonds, i.e., E¢[dy:| /1 = —(iy — 71¢)dt. a

Proof of Proposition 2. Consider the New Keynesian Phillips curve 7t; = (it — 7+ At;’%) T —
q}iA (Wewf Pr—(1— 6’1)A> Ye¥'. Linearizing the above expression, and using %% = (1 —
e ')A, we obtain 71; = (rn +A <g_§>a) i — ¢ (e — 1)Y(w; — p;). Using the fact that
wt — pr = ¢y;, we obtain 7t; = (ps + A) 71 — ky;, where k = ¢~ 1(e — 1)¢pY and we used
thatr, + A (g—si)a = ps + A.

Consider next the generalized Euler equation. From the market-clearing condition for

7/‘107(/

goods and workers” consumption, we obtain ¢;; = ——=-2y;. Combining this condition

with the Phillips Curve and savers’ Euler equation, and using the fact that r, = p —
ag A

A (g—;) , We obtain 1; = &_1(1} — 7T — 1) + O0Y¢ + xaAt, where the constants 1,5, and

X are defined in the proposition.

0l

Proof of Proposition 3. The linearized Euler equation for saver j is given by ¢;; = o (i —
T — 1) + % <g—si> 7 ()A\t + 0¢s,t) — &(cjt — cst)- Taking the difference of the Euler equation
for the two types, we obtain ¢,; — ¢+ = —C(cpt — Cor). Linearizing the savers’ flow
budget constraint, we obtain Bp,t — Bo,t = Y ke{LE} Tk [?k,t (g_l,% — g—}i) + g_liblr(’/t — g—éblg,t

(%C;ﬂ,t - %Co,t> + 71 (bp,t — bo¢) where ?kt = A +ocsr + Q,(Qf;Q;ﬂk,b The relative net worth

in the disaster state at t = t* is given by B, b* g—fbj/t* = byt — bop+ —

2
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By BE\ Q Q%—0Q; B
Y ke{L,E} {( B, ) Q,’i‘?kt + kQ £ (prl;{y,t* - B_oblg,t*>} .

From the revaluation of net worth in the disaster state, shown above, we can solve

for the difference in portfohos B, b bo p+- From the optimality condition for risky

pte
assets, we obtain ¢yt — cor = pt — ¢4 Savers’ consumption in the disaster state is
given by ¢;, = "C—*jb]’.‘t. Combining these expressions, we obtain the relative net worth
7 S 7

in the disaster state. We can then solve for the dynamics of relative net worth in the no-

disaster state: by — bt = p(bpt — bos) — )(bc(cp, Cot) + Xb,e,Cst» Where xpo. = (00—
k

B Bk - AJ — A8 BY
1) Zke{L,E} Tk (B_i - B_Z>’ and Xp,c = Opcole,p ( 1 ) Zke{L E} Tk <_ - _) + Vc,PB
]/tco B, £+ (p r") , where x; . > 0. Assuming orcs = O(||iy — r2||?), the term involving cs ;
can be 1gnored up to first order. We then obtain a dynamic system in ¢, — ¢, ¢ and b+ —
bo,t, which has a positive and a negative eigenvalue, so there is a unique bounded solution
givenby ¢yt — ot = ‘;(i‘:e_%t(b 0—boo)and by s — by = e (b0 —boyp), where ) = ¢.
We can then write the market-implied disaster probability as A; = e ¥rfx, . ‘gg(br,’o —

1 1
AT =AY . . ..
bop), where x) . = Clicophc,p < F ) . The revaluation of the relative net worth is given

AT
BL L

by byo — bop = (B_p — B—) qL0, using the assumption that B} = BE . The price of the

__g=ra iAo
o+YL+¢m o+YL+¢y

Ay, relative net worth, and bond prices, we obtain A; = e~ ¥Afe, (ig — r), where €, is given

p+e By w17 pt+¢ (B: _ Bj 1
bye) = [1 ~ XAy, (B_o o B_p> P+4’L+¢A:| {X/\bec (B_o o B_p) p+§bL+¢m:|'

long-term bond is given by g1 = Combining the expressions for

Proof of Lemma ??. Linearizing the aggregate intertemporal budget constraint, we obtain

Qcqc0 = Dgqro + Qreqe0 + Quqn,0, where Qp ¢ is the present discounted value of wages
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plus transfers. Using the pricing condition for gy, k € {C, H, E}, we obtain

PY

+ —ot 1 s D
_QiHYQE/O e Pt iy — iy — 1) dt — {%r +%75}/0 e pth,tdtJFTGqL'U'

e WN A
/ e Ple,dt — % / e Pt [it — 7T — 1y +repay) dt = / e Pt [Ht + ——(wy — pr +ny) + T | dt
0 0 0

Using the fact that Qc = D¢ + Qp + Qn and Qf = Dg QL + Qf + Qjy, we obtain QC —
—QH;FQE = % =d;and %rc — —QH?H;FQErE =dgry, givenry = A (C—Si> QkaQk. Combining
these expressions with the equation above, we obtain (??) after some rearrangement, and

using the fact that I + %(wt — pr+ne) + Ty = ve — (Xxye + ). O

Proof of Lemma 1. Consumption of a type-j saver satisfies [;~ e ' (cj; + )(C*fc’.‘ ) = Qjp,

Cjp = Csp — G (Cjp — ), and o (cjy — ¢7y) = At + 0 (cst — cZ;). Combining these conditions,

/t 7

-¢ AT 4 ¢
we obtain ¢j; = cst + (pL)elf(leo — Q) + YA and cf = (pL)elt(leo — Q) —

1+x)\f 1+%A 1+XA]?
1 *
ﬁ )(‘; , using Xey = X/\]‘-" , where ¥ = )( and Y* = A~ },g_ss From these expressions, we
obtain the iMPCs. From M ; + %M]*t = (o + &)e ¢, we obtain (24). O
1
.- . —Gt XAT 3 . .
Proof of Proposition 5. Given cj; = cst + %(Q]}O —Os0) + i -2, the difference in
1+x)\f 1+XA7
consumption at date t is given by ¢, — cor = Mp,t(Qp,o — Qs0) — Moi(Qo0 — Qs0) +
X )\ o (P+§)
( ;;,0 — z,0> e (;p+§, as M]*,O = m Using Qg0 = 1,0 20,0 + He,plpo, We can
write the expression above as follows: ¢y — ot = [/\/l ptHco + Moltyc,p} (Qp,() — o) +
A M sticot+Motticp) [Qpo—op]
x * L__ A )\ th . — ( p.tHco the,p P,
0 ,0> SAr = XA C (CP t— Colt), en CPrt CO,t * * X ’
’ ’ T ~(Mio= M) F i

X/\,ce_ét (Mp 0o+ Mo Oﬂc,p)
* * X XA,

1= (Mo=Mio ) 0 A

XA ¢ is proportional to the differences in iMPCs. From the definition of A;, we have x, . =

1 1
Olicofhc,p (Ag _)uf) - Te0fhe,p (yo+;4p (1+)c)u7) uo+u (1+x/\v)>

T . Then, xpc = & Mg, (Moo — Mypp), us-
Ueold +Hcp/\ [V0+74P 0'0+V0+VP ]

[Qp,0 — Q0] . We show next that

Therefore, A; is given by A; =
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ing the expression for He,j- This gives A = XA (Mot - M,, t) [ p0— 0}, for a constant

X~ Notice that ¥, > 0if and only if 1 — ( 0~ ;/0> ;‘ 0():>A+CC) > 0. Using the expres-
_1 1
sions for x) ., M ;k or Hej,and that A, 7 = %A—% — %Ap 7, this is equivalent to showing

1

1 1 _

. _ wy — [ A% ! AT A
that the function F (A,,A) =1 — Ho‘fﬂpx (H;A;} ST }T+X> = %P is pos-
itive for all A, > A and A > 0. We have that F (A,A) = 1 and lim, o F (Ap,A) =

1— Fr L___ > 0. Moreover, it is immediate to see that, given A , F (Ap,A) is
Hot+Hp 1+X—H iﬂy AT
0THp

strictly decreasing in A,. Hence, X, > O forallA, > Aand A > 0. O

Proof of Propositions 6 and 7. We can write dynamic system in matrix form as Z; = AZ; +

Bvy, where B = [1,0]". Applying the eigendecomposition to matrix A, we obtain A =
pw pw 1w =
VOV 1whereV=| * L vl= £

0
=K  _|,and Q = . Decou-
11 I = 0 w

pling the system, we obtain z; = Qz; + bv;, where z; = V1Z,and b= V~1B.

g

Solving the equation with a positive eigenvalue forward and the one with a negative

eigenvalue backward, and rotating the system back to the original coordinates, we obtain

© t
Y = V12 (V21y0 + VZZTL'()) — V11 Vll / e_“’(z_t)vzdz + V12V21 / eg(t_z)vzdz
t 0

(%) - t
= Vo (Vzlyo + szno) e — vy v / ety dz 4 Vo V2 / e@(t=2)y, d7.
t 0

where V¥ is the (i, j) entry of matrix V1. Integrating e *!y;, we obtain Qg =
Viz (Vyo + VPmo) g — 52V VI fi7 (67 — e P) vdt + 15 Vio VP! [ e Pugdt. Re-

arranging the above expression, we obtain V7, (V21y0 + V227r0) =(p—w)Qo+

VvV [y e “udt, where we used the fact V“‘fu - ‘EZV; = 0. Output is then given
by v = 7 + (0 — w)e® )y, where 7 = ——ft —w(z— fvzder =0 f ew(t=2)y d7 —
p-w

B2 ot [¥e=W2y dz. Inflation is glvenby T = 7t + ket )y, where 7t; =

= ft —w z—t) 1/ dZ-I—
Pow(t=2)y, g7 — K _pwt fo e v.dz.
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Ifi;—ry = e ¥ni(ig—ry), thenvy = &~ te ¥t (ig — 1) + xp, €06 ¥ (ig — 1) Then, J; =
(p—w)e —(ptp)e W ;1

T Yt + xa0xrand & = 0 A+ XA 7A 1, Where x) = Xpa€rr Ukt =

P ., (P +@0) (Pr+w)
n), and g = m(io — ). Note that [~ e P9 ,dt =0, g}‘(;o = _l[Jk}i-@ < 0,and

lim; 0 Uk = 0. Moreover, 7ip = 0, a%‘)’* > 0 with strict inequality if t > 0.

U

Proof of Proposition 8. The workers’ financial wealth in the no-disaster state evolves ac-

cording to Bw,t = (it — ¢ + pt)Buwt + WiNuwt + Twt — Cut. Using the fact that By =

—QpFand gp; = — Zl’; f;/)llf , we obtain equation (30). From the market clearing condition

. , . 1— d . .
for goods, we obtain savers’ consumption: ¢ = — L Z;‘y v+ {’ﬁ’yi (ipl_/ﬁ/}p (ipt —ip) — nt>.

Assuming exponentially decaying interest rates, and using the yield on the private bond

.. iptyp . ip+¢p
ps —ip = prgptgy Ut =)+ oig

rpAt, we can write savers’ consumption as follows

L — Xy Hawdp { Pp : Yprp s ]
Cst = ip —1p) + ——————Ap — 4| . 31
I T T B o T P ey
The Euler equation for savers can be written as
) py G\’ _1a
éop = 0 V(is — 7 — 1) + A (C—S> s+ 0] (32)
S

Combining equations (31) and (32), we obtain

Cs 7 ,uwHP
A(Q) W—Mf]yt
2 P‘wap { yp(p — 10 + lpm)} .
A+ ——— |Tn+ it —1y).
* e AU

wd :
yr = [(7_1 - %T’n] (it — 70 —10) +

Hodp  Yprp(o — 10 + )
T—pwxy p+vp+i)

+ | Xpa T+

1—pwxy

The aggregate Euler equation is given by 1y = —&~'7t; + dy; + 6;, where 6! = ¢! —

VzuaPrn - Cs v - ﬂwaPK Y N— ]/lwaP lpPrPlﬁ/\ 3 ~—1 VwaP lPPli)m P
1*#20?@, 0=A <C§k> I*I/lw)(y’ and Ot = Xpd + 1*]4wa p+Pp+ipy At +|0 + I*I/lw)(y p+Yp+im (Zt

rn), where Py = ¢+ p — ry for k € {m, A}. Therefore, following a derivation analogous to
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pwdp [ PpPmbmt + fpﬁ%%,t] 4
—HwXy | PT¥p+{m p+ip+Pa

—  p+6+/(p+8)2+4(01k—pb)
w = 2

the one in Proposition 6, output is given by y; = & 1 + xa02+ + 7

(0 — w)e“! )y, where the eigenvalues are given by and w =

p+8—+/ (0+8)2+4(0~1k—pd)
2
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Internet Appendix

A Derivations for Section 2

A.1 The non-linear model

Savers’ problem. The HJB for the savers’ problem is given by

v ] Y B BL BE+T,—C
- j,t} +th [(Zt_rft) jp T LD T EsD + Ljp — G|

’

.r *
Vi = max — + /\j [V,
Cf,frBjL,wat 1—0 ot

(A1)

* 3 x _n. L Qri—Qus £ Qr:i—QEt '
where Viyis evaluated at Biy = Bj: + Bj,tQ—L,t + BjrtQ—E,t and Bj; > 0.

The corresponding HJB in the disaster state is given by

% Y7k (C]ikt)lig av]*t aV]*t * * * *
= V5 =  max ’ + 4 ’[i—n B:,+ T —CH,|,
PVt copepte 10 3t aB]f“t (7} £)Bj it Lt
Tt T 4

where we imposed that 77 , = 7, = 0, as there is no risk in the disaster state.

The first-order conditions are given by!

9V, Vi OV Qi — Qi ()7 — vy,
" 9B7,’

—0 e

. = -, rk’t = s
It aB]',t aB]',t BB]*,t Qk,t

(A.2)

for k € {L,E}. Savers are indifferent about their portfolio composition in the disaster

state. From the expressions above, we obtain eqn. (2) and (3). Differentiating the HJB

!Formally, the solution is also subject to a state-constraint boundary condition . See ? for a discussion
of such constraints in continuous-time savings problems.
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equation in the no-disaster state with respect to B; ;, we obtain the envelope condition:?

aV;
Vi, AV, Ejld ()]
0 7 1t—7Tt)+ L (A.3)
I aB]',t aB]',t dt

Using the optimality condition for consumption and the condition above, we obtain:

, EdC7]  oC = A [(Ch) 7 = ¢ | "
it — T — Pjp = ——= = = , :
C; fdt Cil

using the fact that dCj;, = C;,dt + [Ch — Cjt]dN; and Ito’s lemma. Rearranging the ex-

pression above, we obtain eqn. (1). A similar envelope condition holds in the disaster
state, which gives the Euler equation for the disaster state

al3
Cr,

1y
—— =0 (i
Cy

= b Tt P;'ﬁ,t)- (A.5)

The relative net worth of optimistic and pessimistic savers evolves according to

B Bpi _ By B\ (Cor=Tou  Cpt—Tu Ad
Byt Bpr %\ By By )\ By By ) RO
o,t p.t ke{L,E} o,t pit o,t p.t

Workers’ problem. The HJB for the workers’ problem is given by

Cot” | AV, W, . N
V. _ w,t w,t . B BL tN T _C . w,t
Pw Vet Cw,:ll\lfjiBz@,t 1—0 ' 9Bu, (it — 704) Bawost + 7By ¢ + D wt T Lwt — Cut T+¢
aV,
+ az;),t _'_ )\w |: Zj;,t - Vw’t] (A.7)

2Here we used the fact that Ej[dF(By, t)] = |Fi + Aj[F* — F] + Fg (i — 70)B; + r.BE + reBE — G ) | at
for any function F(B;, t), according to Ito’s lemma.



subject to the state-constraint boundary condition

WVui(0) _ (W Ny ! -
w,t t w,t
————= > | =Nyt — ——+T, , A8
an,t = ( Pt w,t 1+ (,b + w,t) ( )
. NP
where we adopted the change of variables Cyt = Cyt — ﬁ
For simplicity, we have already imposed that Bf)lt = 0. We show below that BZLM =0

and a similar argument shows that workers would be against the short-selling constraint
for equities when Bfu,t is a choice variable.

The optimality condition for labor supply is given by

N, = % (A.9)
t

We focus on an equilibrium where workers are always constrained. To derive the con-

ditions that ensure this is indeed the case, we start by considering a stationary equilibrium

where all variables are constant conditional on the state. If workers are constrained in the

stationary equilibrium, then they will also be constrained if fluctuations are small enough.

In a stationary equilibrium, net consumption C,, in the no-disaster state is given by

W NLT®

Co = Wy — Do
w w 1+(P

P + T, (A.10)

and an analogous expression holds in the disaster state. Notice that the expression above
does not depend on py, or Ay.

For workers to be unconstrained, the following condition would have to hold:

C~jw,if Y
(C"Z,,t) —1]. (A.11)

For py, sufficiently large, workers would want a declining path of consumption, so cur-

(@
=

_ A
=0 1(7’n_Pw)+_w
w,t U

w

™
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1+¢
rent consumption would be above %Nw — 1111_4) + T, which would violate the state-
constraint. Hence, the constraint must be binding for p;, sufficiently large.
If the workers hold a positive amount of the long-term bonds, then the following con-

dition must hold

QL - Q L
L = Ay A.12
g (C* > QL (A.12)
As Cy and Cj, are independent of A, the equation above would hold only if A, equals
the value A, = (C);—LQLQf. For Ay > Ay, borrowers would want a smaller dispersion
Cfﬁ] QL

between Cy, and Cy,, which requires holding less risky bonds, violating the non-negativity
constraint on long-term bonds. Therefore, borrowers will hold zero long-term bonds for

Ay sufficiently large.

Firms’ problem. The intermediate-goods producers’ problem is given by

t*
s (Bisy _WsYis 9 o e '
/t <PS Yis P; A; 2 (])> ds+ -~ e —Q; t*(Pl,t*)] /

Qi+(P;) = max [E;
Nt

[ni,s}sZt

subject to Y;; = <%> Y; and Plt 7 1P 1, given P;y = P;.
The HJB equation for this problem is

pt Wt Y‘,t q)
0= max ( I;t Y — ?tji — Enft dt +E[d(17:Qir)], (A.13)
E:[d(1:Q; i 9Q;, ;
where Etl401:Qir)] 1(717;?;)] = —(iy —m)Qir + 3 9Qi tﬂthZt + gtt + /\t% [ i Qi,t]-

The first-order condition is given by

0Q; +
P,

Py = @iy



The change in 7; conditional on no disaster is then given by

Qz t
oP;

_|_

*Qir  9%Qi;
(atapi ap? Pyt = 7ty (A.14)

7Ti,tPi,t> Py + —~

The envelope condition with respect to P;; is given by

P; 1Y P\ Y 92 9%2Q;
0= ((1 —€) I;’t +€Pt;l) ( 1;:) B + Btglgt + al%lt 77,1 Py 1+
ant ] . ant 9 ;'k,t aQi,t
BP — (iy — 1) aP. +/\ ’7t oP. P ) (A.15)

Multiplying the expression above by P; ; and using eqn. (A.14), we obtain

Py Wi P\ i
0 = ((1— )?t—'— Pt—A) (ﬁ) Y + @7t — (t—7Tt)(P7T1t+)\t(P;7t( P T -

Rearranging the expression above, we obtain the non-linear New Keynesian Phillips

7'Tt=(lt—7Tt+7\t77t> T — e('fq (Ft—(l—el)A>Yt,

where we have assumed that P;; = P; for all i € [0,1] and that 77} = 0.

curve

A.2 The stationary equilibrium

Aggregate output. Consider a stationary equilibrium with zero inflation. From the New

Keynesian Phillips curve, we obtain

% _ (1—e N4, = (1-e)ar (A.16)




Combining the expressions above with the labor supply condition, we obtain

Y= (1= e D)FAT, Y = pp(1—eV)F(A%) 7. (A.17)
Disaster state. From the Euler equation for short-term bonds, an allocation with con-
stant consumption must satisfy r;, = p]’-‘. Uzawa preferences implies that this condition is
eventually satisfied. For simplicity, we assume that p;k() is constant and p; = p,. This
is assumption is not necessary for our results, but it simplifies presentation, as it ensures
that allocations are constant as the economy switches to the disaster state. We set p]’.‘ = Ps,
so there is no jump in the discount rate of the representative saver. In this case, the real
interest rate in the disaster state is given by i} — 71} = r;, = ps.
The excess return on long-terms bonds and equity are equal to zero, 1} = rf = 0, so

the price of the long-term bond is given by

1
= A18
Qr e (A.18)
and the equity price is given by QO = ?—;
The consumption of borrowers is given by
* -1 Y *
Coh=0—€e")—+T,. (A.19)
w

We assume that the government chooses fiscal transfers so workers have a given
Y*
share 0 < uy, < 1 of output, so C;, = WY w7y The parameter uy ,, captures the gov-
ernment’s preference for redistribution. This requires that the government sets T, =
[w_,w 1—e’!

T W} Y*. In the main text, we focus on the case py , = pow.

Savers’ consumption is given by

Cr=r.B; + Ty, (A.20)

6



¥ _ p. LQi—0Qr EQ:—Qr
where B]. = B] + B]. o + B]- o

Aggregate consumption of savers is given by
Cs = r”]/t— +—+ 1T (A.21)

Transfers to savers must satisfy Ts = (1 — py . — 6’1)% -1 E;SG

ment’s budget constraint is satisfied. This implies that the aggregate consumption of

such that the govern-

savers is given by C} = (1 — ]/lylw);:—:.

We focus on a symmetric allocation in the disaster state, so we assume that T, — T, =

p
—1(By — Bp), for t > t*. This implies that Cr=¢C:.

No-disaster state. The consumption of workers is given by

1+¢
[

Co = [(1 . e—l)A} + Ty (A.22)

As in the disaster state, the government chooses fiscal transfers so workers have a

given share 0 < uy 4 < 1 of output, so Cyy = VY,wylw and C; = (1 — VY,w)V—YS- This requires

Byw _ 1-e’!
Hw Hw ]Y

From the market clearing condition for assets, we obtain

that the government sets T, = [

p, — Do+ Qe pt—_Pc BE = Q¢ (A.23)
The consumption of individual savers is given by
Cj =ruB; + rLB].L + rEB]E —T; (A.24)

From the Euler equation for short-term bonds to be satisfied for both types of savers,

the following condition must be satisfied: p, —p, = Ap — Ay, where p; is an increasing

7



function of . As the consumption of type-j savers is increasing in B;, p, — pp is increasing
in B,. Hence, there is a unique value of B, such that p, —p, = Ay — A,. We assume the
function p;(-) is such that this equality is achieved when B, = By,.

Using the fact that B, = By and T, = T, in a stationary equilibrium, we can write the

consumption of optimistic and pessimistic savers as follows:

Hp L L Hp E E
Co=Cs+r By —B,)+r B> —B A.25
0 s L,”o"’,up( p) E,uo‘i‘,up( 0 p) ( )

Ho L L Ho E E
C,=Cs—r1p BL - BLY —1f BE — BE). (A.26)
p S Vo_i_yp( (0 p) }/lo‘i‘}/{p( (] p)

We can use the Euler equations for risky assets to eliminate r; and r¢ from the expres-

sions above, which gives us

CS ;I/lp * *
= 1+A , Cy=0C;, A27
CO CS |: + <C*> ]’l0+‘upRO:| 0 S ( )
c=clioa(S) # x] Cr =, (A.28)
P G/ Mot pp $ ’
L L
where R, = QLQ_LQL B B E+ QEQ Qi % Cs B represents optimistic relative risk exposure.

From the optimahty condition for risky assets, we obtain

Y ) 08 )
1+A R =" (1—-A[(= — R . A.29
(+ (C) o + 11y ) Ao C:) oty (A.29)

Rearranging the expression above, we obtain

1 1
o AE o /\E
A (%) Ro = (A.30)
Ho 0’ Hp (r
’ woti 0t et Ao

which is positive if A, > A,. The value of R, pins down only a linear combination of

Bl — B;% and BE — BL. For concreteness, we assume that B} = BE , so savers have different



exposure to bonds in equilibrium.

Given R,, we can solve for the share of consumption of optimistic savers:

P‘P( —A ‘7)] (A1)
pto/\ +yp

,uoco _ Ho
HoCo +ppCp po+ ip

Given the expression above, we obtain the market-implied disaster probability:

1

1 1 —0

1 C 117 o7 Ay ©

A= :Moco AT+ HFpLp /\g} = )= ,uo/\o + Hp/tp ) (A.32)
#pCp + HpCy HpCp + 1pCp Mo+ Hp Mo+ pip

From the Euler equations for short-term and long-term bonds, we obtain

G\ (S - Q=
=pj—Aj [(5) —1], k= A (C_]*> o (A.33)

fork € {L,E}, wherer; = & — Y —Tn, TE = % —rp,and IT = e~ 1Y.

: o ¢\’ , o
Using the fact that A (%) = A <C—i> , we can write the Euler equations in terms of
]

aggregate savers’ consumption:

[ nea (S OGS e

for k € {L, E}, where p; satisfy the condition ps + A = p; + A; for j € {0, p}.

We solve next for the price of risky assets. Given 71, we can solve for Qr:

0 rrp+A ()
i—wL—rn—A@) ( QL):QL o <C> (A.35)
QL QL Tn + llJL + A <g_§>

where Qr, > Qj, as r,; < rj, due to the precautionary motive in the no-disaster state.



The loss in long-term bonds in the disaster state is given by

QL—0Q T —Tn

QL rﬁ+¢L+A<g—§>a,

(A.36)

which is positive as r;; > r,. Long-term interest rates are higher than short-term interest
rates in the stationary equilibrium, i.e., the yield curve is upward sloping in this economy.

The equity price is given by

- Nl O m+A(&) Q;
O (S) (1-%) ~ o <(>> e

so the loss on equity in the disaster state is given by

Q-0 m-ng  ein+A[(&) -1a-m)
Qe H+A(E—§)UQ’5 Ps+)\<g—§>a(1—€n)

) (A.38)

where {11 = 1 — L is the size of the drop in profits. As the expression above is positive,
II pmp p P

the equity premium is positive in the stationary equilibrium.

A.3 Log-linear approximation

We consider next the effects of an unexpected monetary shock for an economy starting at

the stationary equilibrium described above.

Disaster state. As there is no monetary shock in the disaster state, inflation is equal
to zero, r; = 0, and output is kept at the stationary-equilibrium level, y; = 0. Wages
and hours are unchanged, so ¢j,; = 0. Savers’ aggregate consumption is also the same

as in the stationary equilibrium, ¢, = 0. Savers’ flow budget constraint is given by

10



Qr .
,usC:,t = r;“llt(DG,tQ—ii + QE,t) + Ts*,t' Notice that rj‘l,t =, ta = Qj,and Qz,t = Qf. For
simplicity, we further assume that the government chooses transfers in the no-disaster
state such that Dg; = DgqL, so transfers must satisfy T;, = T;". Consumption of type-j
cs
saver is then given by B—}C;t = r?;b]-*,t.
Market-based disaster probability. Linearizing eqn. (4) around the stationary equilib-

rium, we obtain

1
A7 o 1 1
FAt = Hc,oMep <)\§ - Ag) [Cp,t - Co,t} , (A.39)
C: )
where pi.; = Hocﬁ—épcp and ¢;; =log C;;/C;, for j € {o, p}.

(o
. . C; 4
Euler equation for short-term bonds. Using the fact that )L]' (C]*’t) = A (git> , We
it

can write the Euler equation for short-term bonds as follows

ag
. o A [ C
i =0 1(1t—”t—(Pj,t+7\f))+_t< it) ' (A40
o Cs,t

Linearizing the discount-rate function, we obtain pit = pj+0¢ (c]-,t — ¢s,t), Wwhere we

assumed a common slope for both types ¢, so we obtain the linearized Euler equation

. 1y AC\ »
Cip =0 Yy —mp — 1) + - (C—i) (At +ocs) — gcjt —cst)- (A.41)
S

Aggregating the expression above, and using ¢s ¢ = }_je (o p} Hc,iCjt, We obtain

. 1y A G\
¢sp=0 (ir—m—ra)+= (=) (Ar+ocsy). (A.42)
o\ C:

11



Relative consumption. From the optimality condition for risky assets, we obtain

1C
- ot
)\0

% CP,t * *
cr = Ap o = Cpt — Cot = Cpt — Cop (A.43)
o,t p.t

Relative consumption in the no-disaster evolves according to

Cpt — Cot = —C(Cpt — Cot). (A.44)

Relative net worth. Linearizing eqn. (A.6), we obtain

. . b’;, pk b’; L Bk
bp,t — by = Z Tk | P E - b_z + E(bp,t - bp,t) - B_Z(bo,t - bo,t)

ke{L,E}
C C C,—T C, — T,
— (2L, — =2 P__Pp, — 2% A45
( Bp Cp,t B, Co,t) + Bp p.t B, o,ts ( )

k

. N * . C.—T; X
where f; = Ay 4+ 0csr + Qka"Qqu,t. Using the fact that ‘5~ = 7, + Y ke{LE} rkB—;, we can

j

write the expression above as follows

_ _ B Bk Bk Bk C C
byt — by s = v lp (22 _Bo) Prpx By —(_’”c _ G, )
p.t o,t k | Tkt ¥ ¥ pt o,t

ke{ZL;E} [ <BP B") Bp b B, * By B,

+ rn(bp/t - bo/t). (A.46)
The relative net worth in the disaster state at t = t* is given by
k
Bp Bk

By _ B Qi . Q—Qi (B, B
bt — 22 = by — by — L) Zkg 4 kK — —2pk ).
Bp prt BO o Pt ot kE%E} [(Bp Bo) Qk Tt Qk BP pit Bo ok

(A47)

Relative risk exposure. Consumption of savers in the disaster state is given by C]”f ;=
rhB¥

j . o % *1 % . . .
C—;bjft, so we obtain that ¢, , —c7, = TE(B;bp,t — Byb; ;). Using this expression and the

12



fact that c; ¢ — Cpt = Cpt — Cot, We can solve for the relative risk exposure:

o,t
Qk — Q; BIF{’ k Bk k Cx BI;] Bk Q*
—=bl, — =°b — b —bor— —5 (ot — ) — L Y
kE{L,E} Qk BP p.t Bo o,t P,t o,t r;"l BS ( P,t O,t) ke%}g} Bp Bo Qk qk,t
(A.48)

The dynamic system. Using the expression above to eliminate the relative risk expo-

sure, the relative net worth at the no-disaster state is given by

. . . Bf gk
byt — bot = (A + (0 —1)es ) Z Tk B_p - B_O + P(bp,t —boy)
ke{LE} p 0

T. Cr —7r Bk Bk
- <rn + B—S + M) (Cp,t - Co,t) - Z Tk _p(cp,t - Cs,t) - —O(Co,t - Cs,t) 7 (A49)
s 73 Bs ke{L,E} By B,

k
X . A Qs C: T B~ C o
using 7 = At +0¢sp + Wlb;qk,t/ B—j =1+ B—; + Lke{L,E} rkFJj, and A (&) =p—7u

The deviation of consumption from average can be written as

Cpt — Cst = P‘c,O(Cp,t —Cot), Cot — Cst = _P‘c,p(cp,t — Cot)- (A.50)

Combining the expressions above, we can write by — b, + as follows

bp,t - bo,t = ,O(bp,t - bo,t) - Xb,c(cp,t - Co,t) + Xb,csCsts (A.51)

B’;, Bk
where xpc, = (00— 1) Yre(rr} T B, B | and

QU=

1 1
Ay —Ad Bf B} T,  Ci(o—rn)
_ p 0 0 p s s\P—Tn
Xbe = OMcoMep | — 17— E "l — 5 -1-(1’ -|———|—7> (A.52)
‘ corer A ke{L,E} (Bo BV " Bs T’ZBS

Bk Bk
+ Z T <‘uc,oB_p + ]/lc,pB_()) .
ke{L,E} p 0

13



k k
. C; t T C C Bk B
Note thatr, + B = B—; — L ke{LE)} rkB_]j' SOTn+ g = Hepp, T VC’OB_Z — L ke{LE} Tk <1uC/PB_Z + VC,OB_Z :

We can then write ) . as follows:

1

1
AT AT Bk k C C Ci(p—r
Xb/c — Uycloyclp p . 0 Z rk <_O — _p> + ;’lC _O _|_ VC/OB_p + S (:?kB 71),
Av ke {LE} P nee

(A.53)
SO Xpc > 0,as 1y, < p.

In general, we would have to simultaneously solve for the aggregate variables and the
relative net worth and relative consumption of pessimistic savers, which would increase
the dimensionality of the problem relative to the standard New Keynesian. We assume
that ricst = O(||ir — r4||?), so this term is small and can be ignored in our approximate
solution. This implies that the system is now block recursive, where we can solve for the
dynamics of relative consumption and relative net worth before fully characterizing the
behavior of other aggregate variables. Under this assumption, we can write the joint

dynamics of by — byt and ¢+ — co,+ as follows:

Cpt— € — Of [cpt—c
.p,t .o,t _ g p.t o,t . (A54)

bP,t — Doyt —Xbe P bp,t — Dot

Persistence of A;. The system above has a positive and a negative eigenvalue, so there

is a unique bounded solution given by

Cpt — Cot (;Fé‘ —it
= be | e~ YA (bp,O — bo,O) (A.55)
br),t - bo,t 1

where 1, = ¢.
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We can then write the market-implied disaster probability as follows:

A =e A, (A.56)
where ) )
. AT — \G +
Ao=ayc,ouc,p( . ) P g(bp,o—bo,o» (A.57)
Ao Xb,c

Hence, §, captures the persistence of A;. If & = 0, then ¥, = 0 and changes in A;
are permanent. For high values of ¢, the effects on A; are transitory and ¢, controls the

speed of the convergence.

Wealth revaluation and Ag. The revaluation of the relative net worth is given by

B’; Bk
bpo—bop =), 3 B—O k0 (A.58)
ke{L,E} P 0

The price of the long-term bond satisfies the condition

- équ i — (ir—mm) =1L {Xt +0Cs s + _QLQ_’iQiW} (A.59)
Rearranging the expression above, we obtain
dre— (0 +r)qre = (i — ra) +re(Ar + ocsy). (A.60)
Solving the differential equation above, we obtain
qrLo = — /OOO e~ PGy — )t — /Ooo e~ 0t (A, + oy 4)dt. (A.61)

15



Suppose iy — 1, = e~ ¥nt(ig — ry) and rpocsp = O(||ir — r4||?), then

_ do—rm 1A
O L+ fm o+ YL+

(A.62)

E
We focus on the case B—Z = 3>, so the initial relative wealth revaluation is given by

B, Bk o — A
bro—boo=— (5= 2= | | oo L | (A63)
p Bo) oYL+ Ym  p+YLFPa
Plugging the expression above into the expression for Ag
AS AT ¢ (BL BE
—Ao + B
A THeoller (P/\—%> gCTm (B_" - B_Z> ig— 7
Ao = > o (A.64)
1—0'VCOVCP<Ag_1Ag) ﬂ(%g_g_%) T pet
O Az Xb,c o p ) PHPLtP,

Notice that there is an amplification mechanism between the price of the long-term
bond and the change in disaster probability. A wealth redistribution towards pessimistic

investors tends to increase Ag. An increase in Ay depresses the value of long-term bonds,
redistributing towards pessimistic investors, further increasing A;.

Workers’ consumption. Log-linearizing workers” budget constraint, we obtain

W Ny

Y
pC, (wr — pr + N ) + C—wT{U(Y)yt.

Cw,t =

(A.65)

Using the fact that w; — pt + 1y = (14 ¢)y;, we can write the expression above as
follows

Cwt = XyYt- (A.66)
where x, = Vl‘fé\;“ (1+¢)+ %TZ’U(Y)
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Phillips curve. Linearizing the Phillips curve, we obtain

T = P70 — KYt, (A.67)

— e WN
where x = o P

Stock prices. Linearizing the expression for g, we obtain

*

IT . . . A
— (Il —qgEes) + g — (ie — e — 1) = 1E | At +0Cs ¢ +

E
— . A.68
QE QE _ QE qEt ( )
Rearranging the expression above, we obtain
. 1 , A
qEt — PIEL = —@Ht + (i — 70 — 1) + 7 [Ar + 0Cs ], (A.69)

Solving the differential equation above, we obtain

1

qEt = Q—/ e P ds —/ e Pt [(is + 715 — 1) +re(As + ocs)| ds. (A.70)
E Jt t

A.4 The approximation in the price of risk

Propostion 3 shows that an approximate block recursivity property holds when ryocs; =
O(|lit —ru||?), fork € {L,E}. The term premium at t = 0is givenby [5° e~ *+¥1)tr; (ocy s +
At)dt, so this assumption implies that we can approximate the term premium, up to first
order, by the expression [;° e~ 0+t Aydt. Similarly, the drop in the stock price caused
by changes in risk premia is given by [° e P'rg(ocs s + A)dt & [;° e P'rpA,dt under our
assumption about rocs . To assess the quantitative importance of this assumption, we
compare the discount rate effect on long-term bonds and equities when we include the

term riocs ¢ to the corresponding solution when this term is ignored.
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Figure A.1: Risk premium effect on long-term bonds and stocks.

Note: The left panel shows the term premium when the term 7 ocs ¢ is included in the calculation (exact) and when this term is omitted
(approximation). The right panel shows the drop on the stock price due to changes in the price of risk when the term r; ocs ¢ is included
in the calculation (exact) and when this term is omitted (approximation).

Figure A.1 shows the effect of this approximation on the pricing of stocks and bonds.’
The left panel shows that the response of the yield on the long-term bond when we ommit
the term ry ocs ¢ is nearly identical to the one when this term is included. A similar pattern
emerges for stocks. The right panel shows the magnitude of the drop in the stock price
caused by movements in the price of risk. The solid line represent the calculation when

the term rrocs; is included, and the dashed line shows the calculation when this term is

omitted. Once again the approximate solution is nearly identical to the exact one.

B Derivations for Section 3

B.1 Trading in stocks

We consider next an extension where investors trade in stocks in the stationary equilib-
rium. In this case, the wealth effect of individual investors depends on the amount they
trade on short-term bonds, long-term bonds, and stocks. However, as in the baseline

model, the aggregate wealth effect depends only on the amount of government bonds

3Notice that we are only assessing the role of the assumption O(||it — r4]|?). The lines we refer as
“Exact” in Figure A.1 still corresponds to a linearized solution.
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traded, as the household sector as a whole act as buy-and-hold investors on stocks.

The replicating portfolio. Leti € Z; denote saver i of type j and assume that saver i
receives real income Ij (i) = a;(i)e”YE'TT;. We assume that L‘te a;(i)di = 0 and that the

following condition is satisfied in a stationary equilibrium:

. 0 Nt .
Biog(i)+E L (i)dt| = Bjy, B.1
],O( ) [ 0 1o ],t( ) ] 7,0 ( )

where Bj (i) is the initial wealth of saver i and B;  is the average wealth of type-j savers.
This implies that the consumption of all savers is the same in the stationary equilibrium.

Let Bﬁt(i) = B].S - B].S’t(i) and B]]F:t(i) = B]E - B]]F:t(i), then

pS | pE as . sk QF *
B+ Bj + Quit = 0, B}, + B“Q_i + Qi =0. (B.2)
We can then solve for the portfolio of individual i:
55 Qr Qk
B(i) = Qruiyim—t e — Qi a——ars (B.3)
= Qg —gp ~ g -
AE [ Qk Qk
BE() =Qi e — Qi B.4
],f( ) Qlj(l),i’ QE N QE QI](Z),t QE . QE ( )
Pricing. Notice that we can write the expression for B ft(i ) as follows:
Qe — Qb ap o Qe ~ QL
———=B;(i) = — Qr.(i).ts (B.5)
Qr ],t( ) QIj(i)t Li(i)t
SO rEBft(i) = —rlj(l-)Q (i)t Assuming the economy is in the stationary equilibrium, the
value of the income claim in the disaster state is given by
. e YEITT*
Qe = 50 g (56)
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and the value of the income claim in the no-disaster state is given by

. — Cs v *
aj(i)Ile 1PEt+A(C—S*> Qlj(i)’t

Qui(iye = v (B.7)
j m+A (g-}) + Yk
We can then write the portfolio holdings of investor i as follows:
11— 7’n+1PE IT*
BE() = —aj()e el o T ®9)
¢\ _1r
5G /. . ,4)1} QE H+)\<C_g> WQE H*
By, (i) = aj(i)e ¥E == — (B.9)
ST g C Qi+
E E n + )\ <C_§> + 1IJE E n IPE
Notice that r 1i(i) is given by
o 11— m+yE H*
L =A (%) EAR T . (B.10)
S

g
s T
(&) 7
Linearizing the pricing condition for the income claim, we obtain

0 = Q1,0

/0 e~ VeI, 4t _/O o~ (et (it — T — Ty + rlj(l-)pd,t> dt.  (B.11)

Wealth effects. The intertemporal budget constraint for household i is given by

g [ /O %Cj,t(i)dt] = Bjo(i) +E [ /O %(Iﬁ(i) +T]-,t)dt} : (B.12)

Linearizing the equation above, we obtain

Qe [ /.
Bfq1,0 + Bjy(i)qE0 + Q11,0 + Q161,071,610 }+—j/o e ! <lt—7ft—7n+rcjl9d,t) dt,

Qjo(i) = C
: (B.13)

1
o
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where Q 1(i),0 is the value at 0 of a claim on I; (i) for all t > 0.
Usmg the fact that Qc, = B. o(i) + B.L + B- NOES Qr(iy0 + Qry and Qere;, = B].LrL -

B]]F: ()re+Q 50,07 1() + Qr,r7;, we can write the wealth effect as follows:

Q ( ]0+—/ ( +e lpEta]( )) tht

B
]0()/ e PH(iy — rmy — ry)dt
G Jo
Qrio [®
+ 76(1) / e P (1—e V) (i —mp — 1y + rlj(i)pd,t)dt (B.14)
i Jo
Notice that (1 — e~ ¥E! )Q1 )0 = QI QI Iy QI _B}S,t(i) - B]’ft(i),and rIjQIj(i)/t -

reB ]Et(i ). We can then write the expression above as follows.

Y [* _ EEo(l) _ , A
Q]O() Q]0+C /() e pt (JQ—E—l—e lPEtﬂ]'(l) tht

—/ e ptABS (iy — 714 — 1) dt

C / e PtABE (i — 71 — 1y + 7EP4 )AL, (B.15)

where ABft = Bﬁt(i) — Eﬁo(i) and AB].S:t = B]-S,t(i). Notice that as fz‘elj aj(i)di = 0, then
ﬂ] ieT, Qjp(i)di = Q)

The equation above express the wealth effect in terms of cumulative purchases of as-
sets. We can equivalently write the expression above in terms of instantaneous net pur-
chases of assets, as in Fagereng, Gomez, Gouin-Bonenfant, Holm, Moll and Natvik (2022).

For simplicity, assume there is no cash-flow effect. We can then write the integral above
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involving equities as follows:

/0 e PABj (ir — Tt = ru+ repag)dt = /0 e (1 — e Ve')BE (dEs — pqE,)dt
=8l | [ dte e - [Cale 0 tgep)| 5 [T oNEqed @as)
- _ /0 e‘Pthth,tdt. (B.17)

where N ]Et = —yE B]Et denotes the net purchases at period t, using the fact that i; — 77; —

'n +TEPdr = GE+ — PYE+

B.2 Wealth effects and Hicksian compensation

Hicksian compensation. We show next that () corresponds to (minus) the Hicksian

wealth compensation for each household. Let e;(#, U) define the expenditure function

6]'(}7, u) = ?g]? ]E]',O

t* . o ¥
Tit e dt + / @c;ftdt , (B.18)
0 7j0 = Mjo

1-c 1-0 * \1—0 x\1—0
; o~ e dsCie =G o — [to..ds(Ci) 7=(C)
subject to [E;q [fo e~ Jopis 2 dt+ [Te Jopis .

-0

dt} = U. We sub-
tracted the utility of the stationary-equilibrium consumption bundle, so U = 0 corre-
sponds to the utility obtained in the stationary equilibrium. The solution to this problem
is the Hicksian demand C]}f, ;(17;,U) and C].Pf;* (177, U) in the no-disaster and disaster states.
Let ' denote an alternative price process and U’ the corresponding utility under
the new equilibrium. Mas-Colell et al. (1995) (see page 62) defines the Hicksian wealth
compensation as ej(17]/~, u) — E]'(ﬂ]/-, U’). We focus on a first-order approximation, that is,

ni/1y = Nt/ 1o + 7jr, where 7j; is small. Let ¢, = log C]-}ft(iy’, U)/th,t(n, U). Plugging the
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expression for C;? (', U) into the constraint and linearizing, we obtain

[

Notice this implies that E; o [ft U”Cht(iy, U)é; At + f°° ””Ch (1, U)E;tdt} = 0. As work-

0, so this equation

*

Ejo

e_pjtcj}ft(”' U)l_afj,tdt+e_pft* /t* e P (t— t*)Ch *(77, )1—05;}6”] =0. (B.19)

ers do not engage in 1ntertempora1 substitution, we set cwt = Gy =

would hold for them as well. We can then write ¢;(#, U) up to first order as follows

+*

ej(n’,U) = Eg

!
%Ch n,u dt—l—/ mC*h (n,u dt+/ mCh (n,u c]tdt+/ e Ch*(iy,U)Ej*ltdt],
0

*

/
Z_écj}ft(ﬂfu)dt"i"/ﬁ Z—gc;f;h(mu)dt : (B.20)

We assume that the initial equilibrium corresponds to the stationary equilibrium, so
Cj}ft(ﬂ, U) = C; and C]-}f’t* (7, U) = C;. Let 17; denote the SDF after the monetary shock and

U’ the corresponding utility level. Therefore, the Hicksian wealth compensation is given

by

ej(;, U) —ej(;, U') = Ej

t* oo !
—E;, / ”foc tdt+/ @c;tdt ,
0 77]0 t* 17],0 ’

(B.21)

t* o 7'
/ ”’*Cdt+/ @C;dt
which corresponds to —(};,C; as defined in the text.

Compensating and equivalent variation. From the derivation above, we obtain that
0joC; = ej(17]’-, u) — e]-(17]’., U), which corresponds to the compensating variation. We
show next that (o C; also coincides with the equivalent variation up to first order. The EV
is given by e;j(17;, U") — ¢j(17;, U). Up to first order, C! (17]’., u) — h Cl(n;, U) = C’7 [, U') —
C].}ft(n]-, u)+ C]-h/t(ﬁ]{, u)— C].}ft(n]-, U). As the present dlscounted Value of C (17], u)— C].}ft(n]-, u)

is equal to zero, evaluated at the initial SDF, then the present d1scounted value of the left-
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hand side, C]h,t(n]’., u — Cj;ft(ﬂj, U), equals the present discounted value of Cj;ft(ﬂj, u) —
C]-Pft(n]-, U). The present discounted value of C]-h/t(n]’-, u' — C]-h/t(ﬂj, U) evaluated at 7 (or 7’)
corresponds to C;Q); . The present discounted value of C].Pf [, U') — C].h,t(iy]-, U) evaluated

at 77 equals the equivalent varation, so e;(17;, U') — ej(17;, U) = C;Q;p.

B.3 Consumption decomposition

We show next that the consumption response to a shock can be decomposed into the re-
sponse of a compensated (Hicksian) demand, which captures intertemporal subsitution
and precautionary effects, and a wealth effect. Consumption taxes only affect the com-
pensated demand, so the wealth effect is independent of taxes. We also provide a com-
parison with standard results with log utility. To better compare with previous results in
the literature, we focus on the case of a constant subjective discount rate, so we abstract

from Uzawa preferences here.

Household’s problem. Consider an exogenously given SDF:

% = —rdt + & (AN} — Adt), (B.22)
t

where the probability of a Poisson event is A;.

The household’s problem with consumption taxes is given by

V(X,B) = mcaxlEo {/ eptu(Ct)dt] , s.t. [Eg { % (Ci(1+ 1) — Ty) dt] = B, (B.23)
t 0 0 0

where X = {r, &, A, Tf} denote the path of interest rate, the jump in marginal utilities in

a disaster, the disaster probability, and the consumption tax.

Qb=

The optimality condition for this problem is C; = et (% (1+ Tf)) B y_clr, where u
is the Lagrange multiplier on the budget constraint (IBC). Plugging the expression above
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into the IBC, and using the fact that T; = 77C;, we obtain

1
7£t 77t ].+th o
€ v (% T+1§

o [f7e b ()™ (H) o

Compensated demand. The expenditure minimization problem can be written as

Ct(X/B) =

B. (B.24)

e(X,U) = rréitn]EO [/0 % (C:(1+1) —Ty) dt} , s.t. [Eg [/0 e‘Ptu(Ct)dt] = U. (B.25)

The first-order condition is given by

1
1 ~7
T p1) = e P/ (C) = Cr = e ¥ (’7"‘ 1+ 1 )) >, (B.26)
Mo K Mo
Plugging the expression above into the expression for utility, we obtain
) _1
; e~ ot (%(1—|—Tf)>
cl(x,U) = g(U). (B.27)

ko et (e m) T o]

where ¢(U) = ((1 —o)U) 7. The expenditure function is given by

N CA R
oK) = Eo [fo ¢ (770) (1+7) dth(u) (5.28)

Initial equilibrium. Let (X, B) denote the state in an initial equilibrium. In the initial
equilibrium, all variables are constant conditional on no switching, and the consumption

tax is set to zero. The SDF on the no-disaster state is given by 77, = e’(ﬂa)tﬁo. The SDF
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on the disaster state is given by 77 = e~ ("7 (1 + &)77_, where T is the (random) date of
switch. In equilibrum, we must have 7 = p — ¢A and 7 = p.

Consumption in the no-disaster and disaster states are given by

Initial wealth is given by
B= / e~ (Pt M) [E +A(1+ E)Eﬂ dt, (B.30)
0

where By = [ ’75 - D, ds. We assume that D; = ¢ ¥0!Dg and D} = (1 —{p)e ¥o(t=0)D,

which nests the case of long-term bonds and stocks. The value of a consumption claim is

pHAL+E)T Qé_(1+€)*5 L Q- (e M)A+ (B31)

Qc = plo+A) 7 P Qc p+A148)%

Economy of interest. Consider the economy of interest with state (X, B). We consider
the effect of a shock to the interest rate 7, the disaster probability A, and the consumption

(A=A

tax 7. The SDF in the economy of interest is given by 77; = e~ Jolotri=r+8 )4z in the

no-disaster state and 7} = e =7 (1 + &)y5.

Initial wealth. B; denotes the household’s wealth at ¢. The pricing condition for B; is

B D
2 — M (14 E)Esy, (B.32)
Bt B;

Bi—B} 1. . . .
where p; = tB—ff. Linearizing the expression above, we obtain

be = (0 + A+ ¢p)br + 1 — p + 1Ay, (B.33)
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where rg = A(1+¢)&g and A; =

)‘f A The initial wealth is then given by

by = —/ e (pTA+yp)t [re—p+rpAe] d
0

(B.34)
Consumption claim. The consumption claim is given by

cho = ]EO [/ ECSdS:| .
0 s

The pricing condition for Q¢ is given by

(B.35)
QCt Ct Qct — Qét
- == + e+ A(1+ = B.36
Qc,t Qci H1+8) Qc,t (B.36)
Letgct = log Qct/Qc and g¢ , = log Q¢ ,/ Q¢ Then
_ 5 - A Q¢
Gor=(p+A)gep+re—F+rch — = — A1+ ) =g, (B.37)
Qc Qc
where ¢; = log C;/ C. Solving the expression above forward, we obtain
qco = (o + A7) / e~ (Nl dt — / e~ PNy —F 4 rcAydt. (B.38)
0 0
using q¢, = cf, ¢f = ci, and § o +A +E)8—§ =p+A

IBC and wealth effects

Linearizing the intertemporal budget constraint, we obtain

0

C
= 20, (B.39)
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where )y denotes the wealth effect:

Q0= oo+ [T e 0N - R s (5.40
0

Consumption. Denote the denominator of the expression for consumption as follows:

Qeo=Eo | [ Leus], (B.41)
0 s

_1
T

where C; = (ept%(l +1f )) . Notice that C; is proportional to consumption. A similar

derivation as above yields
qeo = (0+A) / e~ MG, dr — / e~ OHM 7 4 rcAdt. (B.42)
0 0

using g; ; = C; and Q% +A(1+ 6)8—2 = p+ A. Notice that C; = 1 fot(rz — 7+ EAA, — 18)dz.

Consumption is then given by
ct=Ci+by—qco=C— (p+A) /Ooo e~ (0N + MOy (B.43)
Compensated demand. We evaluate the compensated demand at the utility level:
Uy = E; { /0 ) e‘Ptu(a)dt} . (B.44)

Notice that Uy responds to changes in A; even if C; does not change. The utility level

satisfies the HJB equation:

oU; = u(Cy) + Up + A (U] — Uy). (B.45)
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Let u; = log U;/U. Then, u; satisfies the condition

—(p+MNus=A <1 — %) At = upg=—A <1 — %) /0 e~ WtMER,dt,  (B.46)

u* (p+)\)(1+§)

where = = . The expenditure function is given b
U o+ P & Y

Ac

1—0 1—0
(B.47)

& = % [(p+)\)/0 e(PM)tCAtdt—/O e(PM)t[rt—p+rc)A\t]dt} —/O G L S S

We can write the expression above as follows:

o= 7 F/ e—(p+A)t(rt_p+C_A/"\t)dt_/ e_(p”)t[rt—errcﬁt]dt} LMo
c—1 |0 0 0 1

(B.48)
where 7 cancels out from the previous expression.

We can write the expression above as follows:

A1-%) - e-Th)
oc—1

A

O:

/ (MR gp / e~ OtV o L rcAdt,  (BA9)
0 0

Notice that rc — ¢A can be written as follows:

AMiye-

(p+ M1+
p+A1+8)7

AN Q

]—gA:A(l—%*>. (B.50)

We can then write the expenditure function as follows:

0=~ [ eV — ot rchdat (B.51)
0
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The compensated demand is given by

5 1 1 *© . u
h frg _ — _(‘0+A)t &C 0 — _ 5,
ci =Ct L (7/0 e Trdt + - Co—qco + éo. (B.52)
We can write the expression above as follows:
h 1 =1 x4 Ac L= —(p+A)z Z L 7T A Ac
= (ry =74 AN, — 75)dz — 5 e (r; =74 AN, — T5)dz. (B.53)
0 0

Decomposition. We can write consumption as follows:
et =Cr— geo +eo+bo—ep = c? + MQy. (B.54)

The role of taxes. The decomposition above sheds light on the role of the consumption
taxes in Proposition 4. Notice that the consumption tax only affects the compensated
demand. Moreover, if £¢ = &), then cf! is independent of A;. In this case, the only channel
that changes in A; can affect consumption is through the wealth effect. Consistent with

the discussion in Section 3, the wealth effect is equal to zero in response to a discount rate

shock if C; = D;.

Comparison with log utility. If ¢ = 1, so the household has log utility, then consump-
tion is given by
00 i i -1
Co = Ey [ / el (P”z)dzdt] Bo. (B.55)
0
We recover the standard log-utility result, Cy = pBp, when 7f = 0. In this case, log

consumption is given by ¢y = by. We have seen above that ¢y = c’g) + MQOpand Oy =0

when C; = D;. This implies that ¢; = ¢, which holds for any value of ¢. The log-utility
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case is special as we have the following equalities:
co = cf = by, (B.56)

as rc = ¢A when ¢ = 1. In this case, the consumption of a log-utility investor coincides

with the response of the compensated demand.

B.4 iMPCs

The problem of saver j can be written as

o ; C,l_g
V(n,w)=E / e~ Jo pfrsdsLdt] , (B.57)

’ 0 1—-0

subject to
00 ﬁj,t _
E;o ——Cidt| = w, (B.58)
A 10 It ]

where 77;; denotes the SDF under saver j’s beliefs, which evolves according to % =

— iy —m + AJ%] dt + %d./\/t, C’j,t = Cj if the economy is in the no-disaster state,
Ir iz
and C’j,t = Cy if the economy is in the disaster state. The SDF satisfies the change of
* * . t
measure conditions: /\jﬂjt = M1t and Bik — = Jo(As=Aj)ds 1t
Mjt 1t o, ¢ o
The first-order conditions for this problem are given by

e lopistseoe - A2 (B.59)
I ;0

where A is the Lagrange multiplier on the intertemporal budget constraint.
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The intertemporal budget constraint can be written as

) it 177"t
/ e Mt Ci+ Ainé,t dt = w, (B.60)
0 j0 Mt
where Qa’t = [ %Cj*,sds is the value of a consumption claim for an economy that

switches to the disaster state at time t. Applying a change of measure, we can write

the equation above as follows:
[e) ; *
/ o~ JoAsds It [Cj,t + )\tn—tQa,t} dt = w. (B.61)
0 Mo 1t

The stationary equilibrium. Ina stationary equilibrium, we have that n}‘t = e—r,’i(t—t*)ﬁt*.

Cip .
Given our assumption that p;* = r;,, then Cj, = C7., so Qa g = ;—5 From the optimality

. . o ¢\’ .
condition for risky assets, A (%) =A; (C—i) , We obtain
s j

1
C* = /\j Cs*c.

= 5EG (B.62)

Plugging the condition above, and using the fact that consumption in the no-disaster

state is constant, we obtain

1
[ oc—1 /\E C:
/ et Cj+A(&> LT dt = w. (B.63)
0
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Rearranging the expression above, we obtain

1
oxX A}

ci=—F o, Ci=—""Trw (B.64)

L+XxA! 1+xA]

—— ———

MPC; MPC;
-1 c—1 *

where ¥ = )‘r—g (%) and y* = A7 °- The expressions above show that savers have

heterogeneous MPCs. Optimistic investors have higher MPCs in the no-disaster state,

while they have lower MPCs (out of initial wealth) in the disaster state.

Perturbation. Consider a perturbation of the environment above, where wealth and the

SDF are subject to small shocks. From the Euler equations, we obtain

1y A[(Cs\ &
Cr=0 Yy —mp— 1) + - (C—i> (At +ocst) —G(cj — Csp), (B.65)
S
and
Ar+o(css — Cop) = 0(Cje — Cjyp)- (B.66)

We can write the equations above as follows:

_ 14
Cit =Cstte ét(cjlo —Cs0), c;‘,t =Cjt — Cst — E)\t. (B.67)
Linearizing the intertemporal budget constraint, we obtain
[e9)
/ e Pt [cj,t + Xc*fc?t] dt = Qjp, (B.68)
0 P

A [ C. (TC,*__ 1
where)(c;f:p—s<c—s*> & =X\

Combining the expressions for consumption with the intertemporal budget constraint,
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we obtain

A )= O+ 0 N (B.69)
Cio—Cs0) = Qjg— . .
0+ z 7.0 5,0 7,0 5,0 oo+ z
Rearranging the expression above, we obtain
+ XA
€j0 = Cs0 + N Cl (Qj,o —Qsp) + SRARE T ?0. (B.70)
1+xA] L+xA!
Consumption at date ¢ in the no-disaster state is given by
— /\l
+&)e ¢ XA A
Cipt = Cst + letes —(Qj0 — Qsp0) + — 1 T ;t. (B.71)
L+xA! L+xA!
Consumption at date ¢ in the disaster state is given by
. + &)e ¢t 1 A
Cip = (et ” —(Qjo—Qs0) — —— ;* (B.72)
L+xA; 1+ XA7

An increase in (); raises consumption in both states, while an increase in A; raises

consumption in the no-disaster state and reduces consumption in the disaster state.

MPCs and iMPCs. Define the intertemporal MPCs, or iMPCs, for saver j in the no-disaster

and disaster states as follows

1
0 (p+d) g L _G oG et OxA
M]’t_aﬂ- = e, =30 e . (B.73)
j.0 14+ xA7 ] 940 1+xA]

Optimistic investors have higher iMPCs than pessimistic investors in the no-disaster

state, while pessimistic investors have higher iMPCs than optimistic investors in the dis-
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aster state. However, the average iMPC is the same for both types of savers:

/0 e Pt {./\/l]t—ks (gs) ;jt] dt =1. (B.74)

Market-implied disaster probability. We can write A; as follows:

1 1
Olcole,p (/\E - /\g)
(

}\t = 1 1 Cpt — Co,t) (B75)
,uc,o)\g + ,uc,p)\;z
=Xrc

The consumption share is given by

py]w]] 1 1
et mbaerg) .
Hej = Pﬁowo o + PVP“’P o 3 _, 1 L (B.76)

using the fact that w, = wy, as By = By and T, = Ty in the stationary equilibrium.

The coefficient on multiplying ¢, — co,+ on the expression for At can then be written as

O—V /O]/l/ rea %
AT mohy (HW’)(HW’)
1 1 1
1+xAJ  1+xA7 (1+XA‘7) p(1+XAL)

1 1 1
e eaiop (i L+ M) + i (1 b)) o+ O (4 -8
- : (B.78)

2 1 1 1 1
X b HOTA L mp (HOT'A (1+7A8)(1+7A9)
Moty 1+xA‘l’ Moty 1+)_(/\‘l’
. OHe0Hep (uoﬂzp (1+ X)\ ) +3 P‘p (1 + XA ))
=N (Moo — Mpp) . (B.79)
X [ Ho o Ve }
Hotpp HotHp” PO
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Heterogeneous MPCs and precautionary motive. The difference in consumption at

date t is given by

Cpt = Cot = Mpt(Qpo — Qs0) = Mot(Qo0 — Os0) + (M;,o - ;k,o> —. (B.80)

— — — * — * L -
Cp,t — Co,t [Mp,tﬂc,o+Mo,th,p} (Qp,O Q0,0) + (Mp,O 0,0) X 0p+ . (B~81)
As )A\t = X/\,C(Cp,t — Co,t), then
My : + Moy
Cpt = Cot = pillon TERD (00— O] (B.82)
L= (Mo = My,) B2 L

Therefore, A; is given by

XAc (Mp,tl/‘c,o + Mo,tl/lc,p)

b 1— * * X Xae 1
PO 00) X o p+¢

>

[Qp0 — Qo] -

Given the expression for x, ., we can write A; as follows:

A (B.83)

X o (0 + &) teote,p (Mo = Mpit) [Qpo — Qop)
Ty o * _Hr * * X Xae 1 )
X iMoot it Mpol - <M PO~ MS‘,O) VAN

X 0 p+e
B.5 Minimum State Variable Solution

General formulation. Consider a general dynamic system involving the vector of en-

dogeneous variables Z; = [K}, Y/]’, where Y; is a vector of non-predetermined variables
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and K; a vector of predetermined variables. The dynamics of Z; is given by
Zy = AZi + BV, (B.84)

given Ky, where V; is a vector of disturbances following the dynamics Vi =Y,V

The minimum state-variable (MSV) solution takes the form:
Yt = OyxK; + Oyy Vi, K; = ®gK; + Py Vi (B.85)

We can obtain the MSV solution using the method of undetermined coefficients. Im-
portantly, the method produces a unique solution even when the number of negative

eigenvalues exceed the number of predetermined variables.

MSYV solution of baseline model. Consider the dynamic system given by (10) and (11),
given a process for i; and Ar. In particular, we assume that 7; follows the continuous-time
analog of an AR(K) process: iy — 1, = I”;Vt, where V; = ¥V, for ¥y diagomal.4 We know
that A; = e ¥afA,, where Ag is a function of the path for i; — r,. We assume that one of
the variables in V; decay at rate ¢,, so we can write A = F;\ V. After replacing iy — r, and
A for the appropriate linear functions of V;, we obtain a dynamic system in Z; = [y, 7r;’.

The MSV solution is given by
yi=®V,  m=®LV. (B.86)
Using the method of undetermined coefficients, we obtain

DYy =0 (I — ) + 6@y + xp, [, Pp¥y = p@f — kD, (B.87)

4In discrete time, we can write an AR(K) as (1—aL— ...aKLK)yt = V4, SO Y = M’W =

YK, Tix Vi s, assuming A; are distinct, where Vi ; = 1% Hence, y; is a sum of K AR(1) variables.
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Rearranging the expression above, we obtain the linear system

—pp—06 !
K —Pr—p

where —1 is the k-th element of the diagonal of ¥y. Solving the system above, we obtain

Dy
(I)nk

(B.88)

_ Flrik + XpdTAk]
0 7

1
(@ + i) (w + )

K

+
’ ‘P"] (& Tk + XpaTae) (B.89)

assuming ¥ # —

We show next how to implement the MSV solution using a Taylor rule. Suppose u; =
2{;1 @iy, where uy; = Vi;,. We adopt the normalization Vi g = iy — r,. The nominal

rate under the Taylor rule is given by

_ @+p)@w+gn) |\ e g
i — 1y = 24’ (wrt g+ 90™ " @it g(wn g0 0T

In the case P # ¢, the coefficient ¢, = Fik%

Lig(w1+92) (Wat9) +Prrxa

. In the case Y = ¢, the

coefficient is given by ¢ =

(@+9p) (w+yy)
Output is then given by
Y= — i r'k 1Y + lIJk 5,—1 P (P + lP)\)X}\ 8_47’\t<i0 _y )
2 T@ry)wrp) Y @)@+ "
_ K ~—1 o kXA — it .
Ig¢k(w+lpk)(£+¢k)a T @ ) (@t ) (io = 1u),
where 1
. nKO w + +
= 1 Prk0 (@+yp)(w+9r) | _ . (B.90)

(w1 +9a)(w2+r) (w1 +9a) (w2 +Py)
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Finally, the coefficient €, is given by

p+¢ (B: B
XA e <B_o - B_Z K io — Tn K
- Y Tip————— =) Tierx. (B.91)
1— o, 06 (B: _ By n__ k= PHYLEYe I
X)\,C Xb,C

€\

B, By | ptyrtia

Hence, given an interest rate i; — 1, = Zszl Fike"/’kt(io — 1), we can write the solution
for output and inflation as y; = 2521 Tikyrr and 1 = Zle Lix7ti 1, where yy ; and 71y
correspond to the solution when the interest rate follows the process e~ ¥ (ig — r,,).

The case where u; = (ple’lpmt(io —14), Um # Py, corresponds to the coefficients:

Tq=1+ Prkx A Iy— PrkX A
’ @+ pa )@t ya) 071" T (@ ga)(@+ o)+ par
(B.92)
where ;1 = ¢, and P = .

In the case ¢, = ), we have I';; = 1, which requires
(5-71 + XA) Pk

=1+ = : B.93

& (@ + ) (@ + Pm) (B:59)

B.6 Determinacy and implementability

We derive next the conditions for local determinacy in our D-HANK model. We also show
that any path of the nominal interest rate and the fiscal backing can be obtained with the

monetary rule (6) and an appropriately chosen path of the monetary shock, [u]§’.
Proposition 9 (Determinacy and implementability). Consider a given monetary shock [u;]’.

i. (Determinacy) If ¢ > ¢, = 1— 63—?}(, then there exists a unique bounded solution to
the system comprised of the Taylor rule (6), the aggregate Euler equation (10), the NKPC
(11), the market-implied disaster probability (15), and the law of motion of relative con-
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sumption (16) and relative net worth (17). We denote this solution by [if, y}, 7tF, AL, ot —

*

Co,t’

by, — by, and the associated path of taxes by T}

ii. (Implementability) For a given path of nominal interest rates iy — r, = e ¥nt(ig — ry),
Ym # —w, and fiscal backing [;° e P Tydt, let Ay be given by (17), y; be given by (26), and
714 be given by (28), where Q) is given by (29). If the monetary shock u; is given by

U =iy — 1y — Prity, (B.94)

then it =iy and [° e Pttrdt = [;° e Ptrdt. Moreover, yi =y, if = 1y, and Af = Ay.

The first part of Proposition 9 shows that there is a unique bounded equilibrium if
¢ > ¢... Asin Acharya and Dogra (2020), the threshold for determinacy satisfies ¢ . < 1,
so uniqueness is obtained under a weaker condition than in the textbook model. The
second part of Proposition 9 shows how to implement any given path of policy variables
by appropriately chosing the monetary shock #;. Combined with Propositions 6-7, this

provides a complete characterization of how output and inflation respond to monetary
policy.

Proof of Proposition 9. We divide this proof in three steps. First, we derive the condition
for local uniqueness of the solution under the policy rule (6). Second, we derive the path
of [yt s, At bp,t — bot, it]g" for a given path of monetary shocks. Third, we show how to
implement a given path of nominal interest rates i — r, = e ¥!(iy — r,) and a given

value of fiscal backing [~ e *'ndt.

Equilibrium determinacy. First, using the Taylor rule, we can write v; in Equation ?? as

vy = 6 Y — 1) + xaAt + 0 'up. Combining the Phillips curve (11) with the system
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(A.54), we obtain a dynamic system in the variables [y;, 7t, At byt — bo,i]:

Yt 6 ol (pn—1) XA 0 Yt g1

7Tt —K 0 0 0 T 0

A = - ~ + Ug,

At 0 0 0 _€X)\,AC /\t 0
bpt—bot| | O 0 —Xaba  Xabab | |bpt—Dbot| | O

where Ay = X ac(Co — cp,t) and xapa = Xabac/ XA, given the boundary condition

By BL\ [™ .

bp,() — bo,O = — B— — B—O / e_(p+lpL)t((Pn7l't =+ ur + T’L)\t)dt.
p o/ J0

There is a unique bounded solution of the system above if the matrix of coefficients

above has three eigenvalues with positive real parts and one eigenvalue with a negative

real part. Denote the matrix of coefficients by A and consider the eigendecomposition of

the matrix A = VQV !, where () is the diagonal matrix of eigenvalues and V the matrix

of eigenvectors. The eigenvalues are given by

o — p+6+ \/(p + 5)2 _4 (571(% — 1)k + p<5) on = XAb,Ab T \/Xib,Ab + 5XA,AcXAb,A
1= 2 ’ 3= 2

wr— PHO= (0402 —4(@F P —Dx+p5)  _ Ksbab~ Vb + EXrackab

2 = , 4 = .
2 2

Notice that ws > 0 and ws < 0. Therefore, equilibrium determinacy requires w; > 0
and wy > 0. A necessary condition is ¢ > 1 — &f—fk = 571/ as otherwise the first two
eigenvalues are real-valued and w, < 0. For ¢, sufficiently large, the eigenvalues are
complex, but their real part is still positive. So, the condition ¢, > 7, is sufficient to

ensure determinacy.
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Solution of the dynamic system. In matrix form, the dynamic system is given by Z; =
AZ; + Buy, where Z; = [y, T, At byt — bos) and B = [771,0,0,0). Letz = V717,
and b = V1B, which gives the system z; = Qz; + bu;. Fori = 1,2,3, we can solve
the equation forward, z;; = —b; ft e~ wils=t)y ds and for i = 4 we solve it backwards:

zgp = ez + by fewa(t=5)y ds. Rotating to the original coordinates, we obtain:
, , 0 & 8

t
Zr = vge“izy0 — szb / (=D ds + U4b4/ ews(t=5)y ds,
0

where v; denotes the ith eigenvector, which are given by

/
KU31 XAbAb — W3 1]
0 — ws XAbA

!/ —w !
Uy = |:K71(p - Wz), 1/ O/ 0i| ’ U4 = |:U4’1, KU4’1 ’ XAb’Ab 4/ 1:| ’
0 — Wy XAbA

!/
v = [Kﬁl(P —w1),1,0, 0} , U3 = [03,1,

- (p—wi)x Xab,Ab—Wi _ o ko ! .
Vi1 = —(57%)@7%)”;1(%71) A;A“ fori =3,4,and b = [ =, 7=-,0,0]". Using

the fact that ¢, = —w,, we obtain by, — by = e~ ¥4 (b9 — bos) and A = XAZ;CA%% ~¥at (b, —

b,,0), which coincides with the results from Proposition 3. y; and 7t; are given by

2 et L 00 .
Y = Z(—l)l—a (wi —p) / e~ iy ds — ( Xa(p + 1) A
t

= w1 — wy w1+ Pa) (w2 +Pa)

2 ) 51 S KX A
T = —1)i-1 / e wis—ty ds — A Ar.
! ;’( ) wi —wy Jy (w1 +9a) (w2 +92)"

If u; = ZkK:1 @iy, where uy; = e_l/’ktuk,o, then

K

N P+ Pk 1, xalptyr)
L % o gt e T @t g (@t g
K

— Z €0k K 51711/[1{,1‘ — XA ;\t.

= (w1 + ¢r) (w2 + ) (w1 +r) (w2 +Pa)
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The nominal interest rate is given by

_ . (5+lle (et -0t Pk X A
i =ty = Z Pk (w1 + ¢r) (w2 + ) et (w1 +9a) (w2 + IIJA)A

The initial value of A satisfies the condition:

BL  BL 00 .
0= _Xabsv +9a (Bp By [/ e~ PTG, — 1)t + r—LAO ,
XAb,A B, B 0 P +YPL+ P

>0

solving for Ag, we obtain

L
Xababtya ( BY By
XAbA By Bp

_ Xmpapt¥a [ BE  Bp L
XAb,A Bo p+Pr+P)

>
o

/oo —(p+yL)t ( i — rn)dt
0

Combining the expression above with the expression for i;, we obtain

A Xab,A (w1 +r) (w2 +r) PP+

Xabab+Pr (g_gz _ B, ) Z}I{( X 0+ (o+)—0 1k kg
Ag =

14 Xoabavtya BL  Bj [ PrkxA 1 _ ]
XabA B, Bp (w149Pp) (wa+A) p+PL+9a p+Pr+a

Implementability condition. Take it —r, = e~ ¥"!(iy — r,) and [;° e *'dt as given, let

) be given by (29), y; be given by (26) and 7t; be given by (28). Define u; as follows:
U =1t — 1y — Qi (B.95)

Let [y}, tf, AY, by — b ,]§° be the solution to the four-dimensional dynamic system dis-
cussed above and [i}, /] the associated interest rate and fiscal backing. We show next

that y¥ = y;, 17 = m;, Af = Ay and if = i;. First, notice that u; = Z?:l pre” Ptuy o, where
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uxo = ig — ry, and @ and Py are given by

1*]410
(Pn(’j—ilK 4)7T1—wayXPK
- 1 + — 7 - nmy - — 7 - ’
N @ TP T i@y T
1_1410
71k Ty, APK Q)
3 = —KPr Fely 0 Y3 = —w.

(@ P) @+ 9m) @)@ 90) o1

As uy g is proportional to iy — ry, for k = 1,2,3, and )A\a” is proportional to a linear combi-
nation of the 1y, then ;\f = ej\e_‘/’”(io — 1) = € Uy, for some constant €. If iy — 1, =
e"¥nt(ip —ry) =, then €§ = €),. We guess that €} = €, and verify that nominal interest

rates are exponentially decaying with rate 1,;,. The nominal interest rate is given by

3 ~—1
w O+P)(p+p) -0 '« B PrKXA
U kzzl (w1 + i) (w2 + Py) LA ) (w2 + P

€Au2,t.
)

Notice that (6 + ) (0 + i) — k= (w+ ) (W + ), so the term multiplying us; is

: 1— .
equal to zero, as 3 = —w. Using the fact that y ey = = VZ “)’Cy Xp, the term multiplying u, ;
is also equal to zero. Finally, the term multiplying u,  is equal to one, so i} —r, = i} — 1y,.
From the Taylor rule we have that u; = iy — 1, — ¢t = iy — 1y — Pp7T}, SO TTF = 111
If the nominal interest rate and A; coincide in the two equilibria, then we must have

by — b5 = byt — by, From the aggregate Euler equation, we obtain

U /0 e (i — 1y — 7+ xAAL)ds = _/0 e (is — v — 75+ xaks)ds = yr,

so i, = ;. Finally, if output, inflation, nominal interest rates, and the market-implied dis-
aster probability coincide in the two equilibria, from the intertemporal budget constraint

we must have [;° e Pirrdt = [ e Plndt. O
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C Derivations for Section 4

C.1 Bond pricing and forward curve

In this section, we solve for prices, yields, and forward rates of zero-coupon bonds of
different maturity. While in the main text we focused on the price of a single bond with
exponentially decaying coupons, we solve here for the entire yield and forward curves.
Let Qp(h) denote the period t price of a nominal zero-coupon bond maturing at pe-
riod t + h, yp(h) denotes the corresponding yield on the bond, and fg (/1) denotes the

instantaneous forward rate. The bond price satisfy the standard pricing condition

_ g, | P
Qus(i) =y | T 5 1)

using the fact that 77; / P is the nominal SDF in this economy.

Stationary equilibrium. The price of the bond in the no-disaster state of the stationary

equilibrium is given by

00 h (o
Qg(h) = / Ae M emPshgpe 4 / Ae M gmpst” (E) e " (=) g (C.2)
h 0

s
C g
—e Pl (1 — e M)epsh (—S> : (C.3)
c
while the price of the bond in the disaster state is simply Qj(k) = e *". Notice that
o 10 (&)’
[o> e ¥thP(h)dh = % = Qy, so this is consistent with our derivation for Q.

The yield on the bond is given by

yp(h) :ps+)\—%log [1+ (eAh—1) (g—) ] (C.4)

Notice that limy,_,qyp(h) = r}; and lim;, ,, yp(h) = p > r};, capturing the fact that the
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yield curve is upward-sloping.

The forward rate is given by
G\
9log Qs () M(&) 1]

(n) = — 2108 Q) _ 1 (C.5)

The linearized PDE. Let rg;(h) denote the excess holding-period return on a bond ma-

turing h periods ahead conditional on no disaster:

_ 1 _0Qg(h) | 9Qp(h)] .
I”B,t (h) —_— QB,t(h) |: ah + at Zt- (C6)
The Euler equation for the bond is given by
g
Cs t QB,t(h) - QE t(h)
rei(h) = Ar| & —. c7
B,t( ) t <C;k,t> QB,t(h) ( )

Let q5,:(1) = log Qp(h) —log Qg(h), then linearizing the equation above we obtain

~ 0gg,(h) N 9qg,+(h)
oh ot

Qp(h)
Qp(h) — Qs

=i —1,+7p (h) |:;\t + (h)* C]b,t(l’l) , (CS)

where we used the assumption that 5(h)ocs + is second-order.

From PDE to system of ODEs. Assuming that the nominal interest rate is exponentially
decaying, iy —r, = e“”mt(io — rn), we will guess-and-verify that the solution takes the

form:

~

q(h) = xp,i(h) (it — ra) + xA(H)As, (C.9)
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where x5;(0) = x5 1(0) = 0. Plugging the expression above into the PDE, we obtain

—xp,i() (it — r0) — X5 A (M)At — Pmxp,i(h) (it — ra) — Paxpa(h)Ar = (C.10)
=t a0 () DO (00— 1) + 2] )

The equation above has to hold for any values of iy — r,; and Ao, then we obtain a

system decoupled ODEs
Cs\7 Qx(h
() — () = 147 ( z) & g X0 c1)
—xpA(h) = Yaxpa(h) =rp(h ( ) (1), (C.13)
given the initial conditions xp ;(0) = x5, (0) = 0, where
c(1—eM[(&) -1 .

M 4 (1 —eAh) (g_si)“' Qvlh)  poan y (1—e ) (%)0

We can write the ODEs above as follows:

i) = =1 [+ (&) s C15)
xpa(h) = —rp(h) — {IPA +A (C*) gighg] xB,i(h). (C.16)

The system above can easily solve numerically using a finite-differences scheme. Given
the bond prices, we can find the yield yp+(h) = —} log Qp+(h) = —} log Qp(h) — +q5,+(h).
Let g +(h) denote the deviation of the yield on the bond from its value in the stationary

equilibrium. The forward rate is given by fg;(h) = —M — _log QB () _ aq%z(h), SO

foi(h) = an . ( ) denotes the deviation of the forward rate from its value in the station-

ary equilibrium.
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C.2 Cyclicality of transfers

In this section, we discuss the empirical plausibility of the countercyclicality of transfers
assumed in our baseline model. It is useful to map the response of transfers in our model
to the retention function of Heathcote et al. (2017), which has been shown to be able to

capture the degree of progressivity of the tax system observed in the United States.

Retention function. Let Yy; = %Nw,t denote the pre-tax income of workers. Workers
consume their after-tax income, which is given by

Cup =LY T (C.17)

w,t 7

where { captures the intercept of the retention function, and 7 the curvature.

Linearizing the expression above around the stationary equilibrium, we obtain
Cot =1 —T)(wr —pr +nwr) = (1 —7)(1+P)ys, (C.18)

using the fact that w; — p; = ¢y; and 1y = yy.

The expression above relies on the assumption of sticky prices and flexible wages. In
the opposite case of sticky wages and flexible prices, consumption of workers would be
given by (see Appendix D.2)

cwt = (1—1)ys, (C.19)

using the fact that w; — p; = 0 with sticky wages.
Numerical examples. Auclert, Rognlie and Straub (2018) adopt the value T = 0.181, in
line with the estimates of Heathcote, Storesletten and Violante (2017). We have ¢ = 1 in

our baseline calibration, which gives x, = 1.64 for T = 0.181. In contrast, in the version

of the model with sticky wages, we would have ¢, = (1 — T)y;. Given T = 0.181, this
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Decomposition: xy = 0.8 Decomposition: xy = 1.0 Decomposition: xy = 1.6
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Figure C.1: Output decomposition for different values of .

implies x, = 0.82. This gives us a range of alternative values of x, to consider. Figure C.1
shows the impact of assuming different values of x,. The case x, = 0.8 gives very similar
results to our baseline calibration of ), = 1.0. Assuming x, = 1.6 amplifies the response
of output. The bulk of the amplification comes from the time-varying precautionary mo-
tive (52%) and the aggregate wealth effect (41%).

In the baseline model, the consumption of workers is given by

WN T, (Y)Y
- w4 )4 LY | - (C.20)
PC, Co
S—
5.55 —4.55

The numbers shown above correspond to the values under our baseline calibration. They
imply that a drop in GDP of 1% leads to a drop in 5.55% in pre-tax income. Transfers
increase by 4.55%, so overall consumption of workers drop by 1%. This strong coun-
tercyclicality of transfers is equivalent to a retention function with T = 0.5, a coefficient
that is significantly larger than in standard calibrations. Assuming a weaker response of
transfers, consistent with a value of T closer to the empirically relevant case, would imply
a larger drop in consumption, causing the amplification shown in Figure C.1. However,
this amplification relies on the (counterfactual) strong pro-cyclicality of wages. In the
more realistic case of sticky wages, we would obtain a value of x, less than one, which

implies a small dampening of the overall effect. Therefore, a version of the model with
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sticky wages generates dynamics in line with our baseline model assuming an empirically

plausible degree of countercyclicality of transfers.

C.3 Belief heterogeneity

Recall that Proposition 3 shows that the market-implied disaster probability is given by
}Lf - e_lPAt}LOI

where

)A\o = 6)\(1'0 — 1’;/[).

The persistence of the effect of monetary policy on the price of risk, ¢, is governed by
the Uzawa preference parameter ¢. This parameter is related not to the degree of belief
heterogeneity but to the savers’ iMPCs. In particular, our calibration implies a half-life
for the iMPCs of four months, which is consistent with empirical values.

In contrast, €, is indeed connected to the degree of belief heterogeneity. However,
while belief heterogeneity is a necessary and sufficient condition for €) > 0, the actual re-
lationship between the two depends on the interaction of other parameters. In Appendix
A.3, we showed that

1 1
A —Ap+¢

)AL()ZO' ’ ,
Heoltep™ 1 Xb,c

(bp,O - bo,O)/

where i is the consumption share of savers of type j € {o,p}, bj( is the change in the

value of their portfolio in period 0, and x}, . is a constant given by

(o4

1 1
AT —AS B B") C Cp Cio—ry)
P 0 0 p 0 p s 0 n
Xbe = OMcoMlep— 17— "\ — 5 | THeps THeom T —
c 1 ke%E} (BO BP BO Bp rnBs
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Moreover, we showed that the change in the initial value of the savers’ portfolio is given
by

Bf gk
bp,O - bo,O = Z (B_P - B_O> qk,0-
ke{L,E} p 0

Thus, besides the heterogeneity in beliefs between optimistic and pessimistic savers, there
are two other important parameters that determine Ag: the mass of optimistic savers, 1,
and the portfolio allocations in the stationary equilibrium. Because the stationary equi-
librium features only one risk factor (the disaster shock), the composition of the savers’
“risky” holdings, that is, B]-L and BJE, are indeterminate. Naturally, optimistic agents are
more exposed to disaster risk in equilibrium, but this only determines their total holdings
of the aggregate risk factor, not the division between long-term bonds and stocks.

To simplify the calculations, we assume in the main text that optimistic and pessimistic
agents hold the same fraction of equity in their portfolio, with optimistic savers holding

proportionally more of the long-term bonds. This assumption implies that

BL gL
bog—bog= | L 20 )
pfo 010 (Bp BO ) quo

Assuming that riocs; = O(]]iy — r,]|?), we get

 do—rm 1A
O o gLt gm Pyt

and - .

BB QG

Bp Bo QL - Qi Bs ’

AT AT
where Ry = - %:S - — "PP 1 Plugging these into the expression for A above gives
(C_;k> yo+}lp)\g+}lo+ﬂp/\g

. BE E
the expression for €, found in Proposition 3. If, instead, we assumed that B—Z # g—‘;, the cal-
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culations involved in solving for Ay would be more complex. However, any combination
of equity and long-term bonds resulting in the same total portfolio risk would yield the
same reduced-form formulas. The only difference would be in the exact mapping between
€, and the degree of belief heterogeneity. Thus, to determine the degree of heterogene-
ity necessary to obtain our reduced-form calibration of €,, we consider the more general

case. In particular, we showed that, in general,

_Q-QiBi—By  Qr-0QpB By

R
0 QL CS QE CS

_* BL_BL
Leta = RLO QLQLQL “c—. Whena =1, all the difference in the savers’ portfolios is given by

their holdings of long-term bonds. When a = 0, all the difference in the savers’ portfolios
is given by their holdings of equity.

To discipline the free parameters, we consider the mapping of the model to the data.
We interpret optimistic savers as representing the top 1% of the income distribution. This
population owns roughly 50% of all the corporate equities in the U.S. and earn around
26% of all income. Choosing parameters to match these moments, we get that, in the
model, the optimistic savers own 59% of the equities and earn 22% of all income. In
terms of the implications for belief heterogeneity, we find that optimistic savers believe
the disaster probability is less than 1bps per year, while pessimistic savers believe it is 7%.

More generally, Figure C.2 shows the implied belief of pessimistic savers for differ-
ent combinations of y, and « (the implied belief of the optimistic savers is always below
1bps). The values range from about 5.5% to more than 15%. For example, if we assumed,
as in the text, that savers only differ in their holdings of long-term bonds, and we in-
terpret the optimistic savers as the top 1% of the income distribution, the model implies
that pessimistic savers believe that the probability is slightly below 9% per year. The plot

shows that the belief of pessimistic savers is lowest when the difference in holdings of
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stocks is high, and when the fraction of optimistic savers in the economy is low. This
result is intuitive. The determination of €, depends on two variables: the degree of be-
lief heterogeneity and the redistribution across types after the monetary shock. Fixing a
target value for €, (to match the VAR evidence), there is some degree of substitutability
between these two dimensions. Since stock prices are more sensitive to a monetary shock
than bond prices, a higher fraction of stocks owned by optimistic savers implies a larger
redistribution after the shock. Hence, a lower degree of disagreement is necessary. Sim-
ilarly, a lower fraction of optimistic agents implies that wealth is more concentrated, so,
again, the same shock has a larger distributional impact.

Finally, it is worth noting that this exercise assumes that the entire movement in asset
prices can be explained by our channel, which is an extreme assumption. To address
this, we analyze next the sensitive of our results to changes in the calibrated value of €,.
For example, suppose we cut €, in half. This reduces the impact of monetary policy on
the 5-year yield and on stock prices by around 30%. In our preferred calibration (where
optimistic savers represent the top 1% of the income distribution and own roughly 50% of
the equities), we find an implied belief of pessimistic savers of 3.6% per year. Naturally,
this reduction in €, also implies a reduction in the effect of monetary policy on output.

On impact, output responds 35% less when €, is cut in half.

D Extensions

In this section, we discuss three different extensions of the baseline model. First, we in-
troduce wealthy hand-to-mouth agents into the model to capture the evidence in Kaplan
and Violante (2014). Second, we introduce capital into a simplified version of the model
and study how the risk-premium neutrality extends to this setting. Third, we consider a

version of the model with sticky wages instead of sticky prices.
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Figure C.2: Implied belief of pessimistic savers for different values of y, and «
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Consider an extension of the model with wealthy hand-to-mouth agents. In particular,

we assume that there is a third type of savers who only holds stocks and never buys or

5

sell shares.” This implies that we can write the amount invested in stocks as follows:

BEt = BE %, where we used r to index the rich hand-to-mouth. Plugging B, ; = Bf:t into
the flow budget constraint, we obtain the consumption of wealthy hand-to-mouth agents:
BE

Crp =TL=—+ Ty, (D.1)
QE

E
where I1; denotes real profits and % denotes the number of shares held by these savers.

Analogous to workers, we assume that Tj,; = Tj,(Y}). Linearizing the expression above:

Y BE

Y T,(Y) YT}(Y)
"t Cr QE

==ty Sy =y (02

5In the context of models with a fixed cost to adjust the portfolio, this can be interpreted as the case
where the monetary shock is not large enough to move these agents outside their inaction region.
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Similarly, workers” consumption is given by

Wt 14 Nw Tw( ) z/u(Y) w
_ 't - "N = . D.3
Cw,t P, Nw,t + Tw,t = Cy,t P Cy, ( + (P)yt + Co (Y) Yt Xy Y ( )
Define the average consumption of hand-to-mouth agents as Cj, ; = W ﬂi ~Cri+ W + i Cut-
The market clearing condition for goods can be written as
1oCoyt + tpCpt + unCpp = Yt, (D.4)

where yj, = y, + yj,. Linearized consumption of hand-to-mouth agents is given by:

C C
.”w w Cor t + Lcr,t = ny, (D5)

= ———
hit ]/lwcw + ,urcr ’ ]/lwcw + ]/lrcr

Hwa ,urCr
Vwa‘H/err Xy + ,chw"v‘}lrcr Xy

The Euler equations for optimistic and pessimistic savers are unchanged, and the same

where x, =

is true for the Phillips curve. The market clearing condition for goods takes the same
form as in the baseline model, with hand-to-moouth agents (rich and poor) playing the
role of workers. Hence, the equilibrium conditions describing the aggregate dynamics
are exactly the same as in the baseline model.

Introducing wealthy hand-to-mouth agents in the economy then changes the cyclical-
ity of income of the hand-to-mouth agents, given the behavior of taxes. However, condi-
tional on the value of xy, the economy behaves in the same way as our baseline economy.

This shows our results are robust to the introduction of wealhy hand-to-mouth agents.

D.2 Sticky wages

In the baseline model, we assumed prices are sticky and wages are fully flexible. In this

extension, we consider the opposite case where wages are sticky and prices are fully flexi-
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ble. To keep the discussion brief, we focus on the aspects of the extension that are different

from the baseline model.

D.2.1 Environment

Firms. To produce intermediate goods, firms combine a continuum of differentiated la-

bor inputs, indexed by k € [0, ], where p,, denotes the mass of workers in the economy.

Firm i € [0, 1] produces intermediate goods according to the production function:

Yir = Ao Ne (i),

where N;(i) is a CES aggregator of differentiated labor inputs:

€w

. 1 [He N w1l | ew-l
Ni(i) = {— Nia(i) 5 dk] ,
Hw Jo

and Ny ;(7) denotes firm i’s demand for labor variety k € [0, pw)-

Prices are fully flexible, so the problem of the firm is given by

Hw
max PiiYiy — Wk,tNk,t(i)dkr
P/ [Nit (1) jejo) 0

subject to Eq. (D.6), Eq. (D.7), and the demand for intermediate goods Y;; =

The demand for labor variety k is given by

where W; is given by
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Pi,t —€p
)

(D.9)

(D.10)



The price of intermediate good i is given by

€ Wi
p,=_—r "t D.11

The aggregate demand for labor variety k is defined as Ny ; = fol Ny ¢(i)di. Given all firms

solve identical problems, we have P;; = Py and N (i) = N;.

Workers and unions. There a continuum of workers indexed by k € [0, yi]. Workers
are subject to a borrowing constraint, B}("t > —Ep, where B,ﬁ"t denotes the net worth of a

type-k worker. Workers are hand-to-mouth and their consumption is given by

Wi
Cor = —p Nt + Tt (D-12)

The wage Wy ; and the hours worked Ny ; are defined by a union. The union faces Rotem-

berg quadratic adjustment costs on wages. The union’s problem can be written as follows

Vii(Wj) = max E;

P letf Nl‘HP
/ e-Pw<z—f>< ke _ e —forz;)Z) dz+e-Pw“*—”V;;1“<w;ﬁ>],

[Nk,zrn]?ft]zzt 1 -0 1 + (P 2
(D:13)
subject to
. W, —€w W,
Wi = mWee,  Ner=(34)  Noo Cy= 5 Nie+ Twr,  (D14)
’ Wt pt
where W/,. = Wy 1+, and ¢ denotes the adjustment cost parameter.
The HJB equation for this problem is given by
clo NP E[dV®]
Ve — kt Ykt P w2 k,t D.15
Pkt =16 " 1+¢ 2 Tkt T = (D15
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where
E[d kat] av,gj; av,g

i ot oW,

T Wis + At [ka;w - V,ff’t] . (D.16)
The first-order condition for this problem is

Vg,
P = W, Wit (D.17)

The wage Phillips curve. The envelope condition is given by

sy We Ni Wi\ € W\ € N, oV
kt — t t k,t k,t t kt
=Cf(1—€)5 (—) +eN/, ( ) w

PoaW VP W, \ W W) Wi, oW ke
PVE, VY W v vy, Dig
T 0toWy * OWZ, Tt et A aw,:t - OW, (D-18)
Differentiating the first-order condition for 77}’ with respect to time, we obtain
W VG W PVE PV 0w, | w D19
T T T T 12

Multiplying the envelope condition by W ; and using the expression above, we obtain
_ Wt Wit 4> Wit . %,
(D.20)

Assuming all unions have the same initial condition, they will choose the same path of
wages, so Wi, = W; and 7, = mj°. This implies that the consumption and hours are

equalized across workers: Cy; = Cyt and Ny ; = Ny ;. Rearranging the expression above,
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we arrive at the New Keynesian Wage Phillips curve:

‘ - c co N? W
71'?] = (pw —|—)Lt)7T§U — @ 1(€w — 1) [ew i 7 Vu\J]/:/;:t — 1] Cw,(tr?:Nw,t/ (DZl)

where we assumed that the monetary authority implements 7t," = 0.

Wi

. _ -1 . . .
In the no-disaster state, we have 3! = (1 —¢€,")A, so wage inflation equals price

inflation, 1}’ = ;.

Savers, government, and market clearing. The savers’ problem and the government
policies are unchanged relative to the baseline model. The market clearing conditions for

goods and labor are given by

1 1
Y wC= [ Yudi [ Neidi= Ny, (D.22)
je{opw} 0 0

for k € [0, iw]. The market clearing condition for assets are given by

Y. uB =0, Y. uBh =Day, Y. wuBE = Qe (D.23)
jelopwy jedopwy jedopwy

Stationary equilibrium. In a stationary equilibrium, all variables are constant condi-

tional on the aggregate state (disaster or no-disaster). We assume that T, is such that

Cw = Y. For wages and the price level to be constant, the following condition must be
satisfied

Yo N4’ Al—(T +¢

Cw © 1= Ny=|(1-e)1-e1)

ew—1(1-¢,1)A S

(D.24)
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where we used the fact that %y = (1 — €, 1)A. Ouput is then given by

Y = [(1—6p1)(1—€w1)}‘7i¢A_iy¢4’. (D.25)

An analogous condition holds in the disaster state:

Y = (- -eh)]| T (AT (D.26)
Worker’s consumption is given by
(1-¢")
Cop=—"""Y+Ty. (D.27)
Hw

Hence, T, > Oifand only if 1 — €, 1 < piy. Profits are given by

[I=Y-— Wwaw =¢, 'Y, (D.28)

and a similar condition holds in the disaster state. The determination of the savers’ con-
sumption, natural rate, term spread, and equity premium are similar to the one in the

baseline model.

D.2.2 Wage Phillips Curve

Let’s compute a first-order approximation around the stationary equilibrium. First, the
log-linearized real wage is given by w; — p; = 0. The log-linearized production function

gives us y; = 1y, The consumption of workers is given by

W Ny Y

Cwt=p ¢ — Y+ = c. To (Y)Y = xyvt, (D.29)

where x, = %Ig—z + %TZ’U(Y)
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The New Keynesian Phillips curve is given by

T = P70 — KYt, (D.30)

where x = ¢~ (e — 1)(1 — e;l)AC—Iz,iw [cxy + ¢]. We assumed that py, = ps, 50 o + A = p.

Euler equations are the same as in the baseline model. Conditional on Xy and x, the

aggregate implications of the model with sticky wages are the same as with sticky prices.

Cyclicality of profits. One important distinction between the model with sticky prices

and sticky wages regards the cyclicality of profits. Profits are given by

W, A WN
I, =Yt—?:Nt = 11I; :yt—P—(wt—pt—l—nt). (D31)

Y

Using the fact that YN = (1 — €,")Y, we obtain that profits are given by
I =e,"y:. (D.32)
In the baseline model, profits are instead given by
= 1-1-e,)1+¢)| v (D.33)

as wy — pr = ¢n; in constrast to the sticky-wages model. Hence, as long as ¢ > epl—_l,

profits are countercyclical.
D.3 Risk-premium neutrality in a model with capital

We consider next a version of the model with endogenous investment in physical capital.
To simplify the exposition, we consider a setting with a representative agent, but we allow

the monetary authority to directly affect the subjective probability of disaster in a way
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analogous to the mechanism in our heterogeneous-agent economy. We also consider the
effects of an uncertainty shock and monetary policy reacts endogenously to the shock.
We will use this economy as a laboratory to study the extent our risk-premium neutrality

result extends to an economy with capital.

D.3.1 Environment

Households. The household’s problem can be written as follows

2 cle N :
7p5(th) z o zZ d 7ps(t 7t)V>§< B**
/t e <1—a T+ ¢ z+e % (Bj)

Vi(By) = max [E;
[C.,BL,BE]

. (D.34)

subject to

. Wi .
dBt = |:(lt — 7Tt)Bt + TL,tBtL + T’E’tBtE + Tt + (1 + T; ) Nt (1 + th)ct:| dt + [Bt — Bt]d./\[t,

by
(D.35)
_ L Qi —Qut FQr;—QEs
where Bf = B; + B, o T BT
The HJB equation for this problem is given by
Cl—U N1+¢ a‘/t
Vi — + A [V =V
PsVi = ctzzl?%i(BEl—(T 1+¢+ + t[t t]
th . L E n Wt c
+ 3B, (it — t¢)By +rp By + 1By + T + (14 1 )?Nt —(14+1)C|. (D.36)
t
The first-order conditions for this problem are given by
. OV AL oV; oV Qi — Qxy
7 1 N 1+ 1 T = = =, (D.37
Ct ( + T ) t aBt Pi’ ( +Tt )’ aBtrk,t asz Qk’t ’ ( 3 )

~ 9B

fork € {L,E}.

There is no uncertainty in a disaster state, so r; , = 5, = 0 in equilibrium. The HJB
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equation in the disaster equation is given by

(€  (NH)U vy AV, oy Wi
VA . * _ o\ BX T 1 ,
pSVt (I:l;}?\]); 1—0 1+(P + at + aB;.k (lt nt) t + t +< +Tt ) P;k

Ny — (1+77)C | .

The optimality conditions are given by

A% oV Wy
(€77 =55 (1477, (NP = g 51+, (D.38)
! 0B; t ' 0B/ P; !
The envelope condition is given by
aV;
Vi Vi, IE;[d (a—Bt)]
= (i — D.
T T AL BT (©-3)

Using the optimality condition for consumption, and assuming ¥ = 7,”* so there is no

jump on the consumption tax rate, we obtain the Euler equation for short-term bonds:

Ct A | Ce

c, :a’l(it—m—ff—ps)Jr; [(CT?) —1} . (D.40)

Using the envelope condition in the disaster state, we obtain the corresponding Euler

equation: .
=i = - ), (D41)
t

where we assumed that 7" = 0.

The pricing condition for the long-term bonds and equities are given by

Ct )0‘ Qk,t - ta
=M= ——. D.42

We will assume 17 = 1/" and 7,”* = 7,"". The labor supply condition in the two state

63



are then given by
Wi
Py

= (C)7(NF)*. (D.43)
Firms. Firm i produces intermediate goods according to the production technology:
Y = AK} NI (D.44)

The firm is subject to quadratic price adjustment costs 0.5¢72,. The firm is also subject
to investment adjustment costs. We assume that the firm pays an investment tax tX. We
can then write the firm’s problem as follows:

*

t*
b; W,
Qit(P,K;) = max I /t s ( =Yis — - Nis — (14 1) 1Kip — 2”1'2,5 + Tf,t> ds + 772 F(Phe Kip) |

T sibisls>t U ?s ’ Ps 2
(D.45)
subject to
%
; dK; P\ ¢ Yie \
= 7T 4 P £o= i) —8ldt — (xdNG, Y;; = = Y:, N;; = ’ ,
Piy = 1Py, K; [P (Liy) ] CkdN; it (Pt t it Athft
(D.46)

where @(-) is an increasing and concave function, P!, = P4+, and K}, = (1 —Ck)Kjp.
Notice that, to achieve a production level Y;; given the capital stock K;;, the firm needs
Ni; = <%Ki“t> T units of labor. The lump-sum transfer Ty, corresponds to the value
of the price édjustment costs plus the government’s revenue from the investment tax.
Therefore, the price adjustment costs does not represent a real resource cost. The lump-
sum transfer also includes the revenue from the investment tax, so the investment tax

allows the government to influence investment, but it does not represent a net source of

fiscal revenue.
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The HJB equation for this problem is given by

0= Py, , Wt [ _Yi ﬁ—(u KoK — 22+ Try |+ Eeld(:01))
- e T\ it T\ A, K, Te iy = 57 T L fp Hd(m7:Qi)],
(D.47)
where
E: [d(7:Qir)] Qi 0Q; ¢ Qi ¢ x
it = — (i —m) Qi + === aP;, e 3K, (P(Liy) —0)Kip + —= 5 +)\t17 [Qi,t Qz,t} .
(D.48)
The first-order conditions for this problem are given by
aQit / K an t
—P(14) =1 ; Py D.4
aKi,t ([Z,f) + Tt 4 (PT(I,f apl ; ( 9)

New Keynesian Phillips Curve. The envelope condition with respect to P;; is given by

1
P\ E e Wy (Py\ T( Y, \""| 1 : Qi+ , Qi
1 — — Y, — | == - — ’ >
[( €) ( 2 ) e AKE, p, U= ™gp, tap,

azQi,tn. P4 9*Qi s 9*Qi s n P 90Qi;  9Qis
T 9K 0P, otoP,; ' “'me |OPf, 0Py

(@(tir) — O)Kip + . (D.50)

Differentiating the first-order condition for the price change with respect to time, we

obtain

ta

20).
4',((13([” (S)Kl t —|— E)taP, P

] P, (D51)
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Multiplying the envelope condition by P; ; and using the expression above, we obtain

1
* 1—e —-€_ T—a
o M 1 gy (P e Wi (Pu\ ™[ Y
i = (i = 70) 70 = As 1t [nl’t nl't} ¢ |:(1 €) < b, ) Yit 1—a P ( b Athft
(D.52)

In a symmetric equilibrium, 7;; = 7y, P;; = P;, and K;; = K;, which gives us the

non-linear New Keynesian Phillips curve

e—1 1—0c7t_1

. N _ e W:/P N
Tt = (Zt_n't+/\t%) —(Pl(e—l){ /P Ny ]Yt/

(D.53)
where we assumed that the central bank implements 7r; = 0 for all ¢.

Optimal investment. The envelope condition for capital is given by

1

1-a d i
> — (L4 TVt + i (P(1ir) — 6) — CK/\tZ—tqft 7[ i) =0,

~1
%"‘Ki,t ( Yy

Pt 11—« AtK?ft ﬂtdt
(D.54)
where q;; = a%t corresponds to marginal q and w is given by
E[d(n:q;
W = — (i — 71)qi, +%t‘|‘/\tm (95 — qi]- (D.55)
et 1t
Investment is given by
(1) =(1+T )qlt (D.56)

Government. The government’s flow budget constraint in the no-disaster is given by

. W,
dDG,t = (Zt — Tt —+ rL,t)DG,t + Tt + Ttn?tNt — TtCCt dt + [Dé,t - DG,t] d./\/;f, (D57)
t
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where D, = Dg 85 The government is subject to a No-Ponzi condition lim7_,« E¢ [y7Dg 1] <

0, where Dg ; denotes the real value of government debt.

In the no-disaster state, the monetary rule is given by
it ="Tn + 4);17'[1} + Uz, (D58)

and the monetary rule in the disaster state is given by iy = r;, + ¢ 77}

Disaster probability. We assume that the disaster probability is given by A; = Ae',
where A; is given by

A = e PR, (D.59)

We will consider two different versions of the model. In the monetary shock version, we

assume that 1; is exogenously given and A reacts to the nominal interest rate:
Ao = ex(ip — 7). (D.60)

This captures in reduced-form the main mechanism in our baseline model. In the uncertainty-

shock version, we assume that A is exogenously given and u; reacts to the uncertainty

shock.

Market clearing. The market clearing conditions are given by

1 1
Ct :/ (Yi — i, Kip)di, /0 N;di = Ny, By =0, Bf = Dg, Bf = Q&
0
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D.3.2 Stationary equilibrium

In a stationary equilibrium, all variables are constant conditional on the aggregate state
(disaster or no-disaster). For the price level to be constant, the following condition must

be satisfied

€ WY‘l(Y

1
T—a
e WX AK&) 1= g — (1—e V(1 —a)AKEN ™. (D.62)

The labor supply condition is given by ¥ = v35.CoN?. We assume that T° = 7" =

K k,*

™ =19 = " = %" = 0. Consumption in the stationary equilibrium is given by

C = AK*N'™* —§K (D.63)
Combining the labor supply condition with the labor demand derived above, we obtain
o

AK*N'™* — (51<] N? = (1—-e1)(1—a)AK*NY, (D.64)

For capital to be constant, the following condition must be satisfied:
D) =0=1= o) (D.65)

The optimality condition for investment is given by

D'(1)=1/g=q=[D(® ()] " (D.66)

Similarly, we have that /* = 1and q = g*.

The pricing condition for g is given by

« WN .
1-a?f“_r”q_&<)7" =0 (D.67)
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In the disaster state, this condition simplifies to

o W*N_*
1—a P* K*

— =g =0 (D.68)

Disaster state. The natural rate in the disaster is given by r;;, = pi. We can then use the

expression above to solve for N*/K*:
41 -
N* =K' | ——"~— . D.
[txA*(l - 61)1 (D.69)

We can then use the equation equation labor supply and labor demand to obtain K*:

1

7o o
(1+9) e N PSS .
Kt = (%) =€ )A =) [t | T (D.70)
|:(l*+7’7;5]*) _ §i| pc(l — 6_1)
a(l—e-1)
Labor supply is given by
1
1 ¢+o a
(1-0) o . " % % e
N* = (A ra |2 )= a) {M} s -
|:(l*+r;’qu*) _ (5] a(l — 671)
a(l—e-1)
Output is given by
1
o | (A—e)(1-a) | [ 2 tng |EET
Y* = (A%) T e [71107} 072
[M _ (5] a(l—e 1)
a(l—e1)
Consumption in the disaster state is given by
gt
C =Kl a-en 9 D.73
L{(l —e 1) } (D.73)
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No-disaster state. The natural rate in the no-disaster state is given by

g
n=e-r|(&) 1) (D.74)
Labor is given by
1
_ brnq |t
N_K[aA(l—e—l)} , (D.75)

using the fact that g* = g, where 7, is given by

rg =Tnt gKA%* = o5+ A {1 —(1-Cx) (CE) } : (D.76)

We are going to construct an equilibrium where consumption drops by the same
amount as capital in a disaster, so C* = (1 — {x)C. In this case, the discount rate for
g is given by

rg=po+A 1= (1- )] (D.77)

Consumption is given by

C=K { (D.78)

———— 0
a(l—e 1) ]
Combining the expression for consumption with the expression for the r,,, we can solve
for the real rate as a function of the capital stock r,,(K). The capital stock is determined
by the condition

1

¢t+o ate

! T W) $T0)
K:A% (1-e )(1_02) lM] @ )(¢+).
[ (trgq) 5] “(1 _ 6*1)

(D.79)

a(l—e 1)

* 14
Let {4 = 1 — 4 and assume that r, = 7}, so K* = (1 — {4) ™9 K. We assume
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1+¢
that 1 — (g = (1 — 4) 9@+, so capital jumps immediately to its steady state level.

Consumption and output drop by the same amount as capital in a disaster, while labor
units will be constant if o = 1.
In this scenario, equity prices also drop by the same amount as aggregate output.
Equity prices in the disaster state are given by
H*
Qi=-—r=[1-(1-e)(1-a) -]

*
rn

i

e
Tn

(D.80)

Profits satisfy the relationship IT* = (1 — {x)II. Then, Q} = (1 — @K)%. IfQr = (1-
{x)QE, then Qf satisfy the condition

QE =rm+A1=Ck) 70k = Qe = &3 (D.81)
E Tq

Hence, Qf = (1 — {x)Qg if r; = 1}, as assumed above. This implies that rg = A(1 —

{kx)~7Ck. The price of the long-term bond satisfies the conditinos:

« 1 P+ YL
Qe = YL o+ +A(1— ?K)‘UGKQE' (D-82)

— A1-=Cx) Tk
Ck) Up+¢L+A(1—<:K)*”§K

Then, the term spread is given by rp = A(1 —

D.3.3 Log-linear dynamics

Wages and aggregate output. Let’s compute a first-order approximation around the sta-

tionary equilibrium. First, the log-linearized labor supply condition can be written as

Wt — pr = png + ocy. (D.83)
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Log-linearizing the production function, we obtain
yr = aky + (1 —a)ny. (D.84)
Log-linearizing the market clearing condition for goods, we obtain
Yt = ¢ect +Gi(0 + k), (D.85)
given Iy = log /1, where ¢, = % andg; = %

Euler equations. The linearized Euler equation for short-term bonds can be written as
follows:

¢ = U_l(if — Ty — Ty — f'tc) + 5(Ct — C;k) + XC)\}\H, (D86)

where y.) = 2 [(%)a - 1} andé = A <%)a, and 6 = oxr. The corresponding equation

(o4

in the disaster state is given by

¢t =01y —r) (D.87)
Linearizing the Euler equation for the risky assets, we obtain

N * Q* *
Tk — Tk = Tk {)\t +o(cr—cf) — Qkka;(%t - qk,t)] : (D.88)

The pricing condition for long-term bonds is given by

1 . EY * I *
— g Tt L (it —1n) =11 {)\t +o(er—cp) - QLQfLQE(‘h,t - %t)} . (D.89)
Rearranging the expression above, we obtain
. . . EY * Qi *
Gri= (0 +91)qLe+ir—ra+rL [Ar+o(er—cf) — =—L—q} | - (D.90)
QL - QL
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Similarly, the pricing condition for equities is given by

H A . . EY * Q* *
— (L —qes) +qee — (e — 71— 1) =7k {)\t +o(er—cf) = 5—2 (g5, — %,t)} :
Qk Qe — Qf
(D.91)
Rearranging the expression above, we obtain
. T . A Qf
et = pqer — =1l +ir —mp — 1y + 1 {At +o(ct—cf) — —E*qgt} . (D.92)
QE Qe — Qf
Investment. Linearizing the optimality condition for investment, we obtain
It = Xugft, (D.93)
/! 71
where x,; = — [q;/ggl] > 0, and we define §; = log 1qu/ 9. Notice that our definition
Tt

of 4; includes the effect of the investment tax, which is the relevant variable to determine

the investment rate.
Phillips curve. The NKPC can be written as
T = (rn + A%*) i — @ (e —1)[(a+ @) +oc; — k] Y. (D.94)
Combining the expression above with the production function, we obtain
7t = (ps +A)t — ¢ e —1) [%yt +ocr — ”ﬁ%@kt Y. (D.95)

Using the market clearing condition for goods, we obtain

7t = (ps + A) 7t — x [cr + wods — wicke] (D.96)
_ celat¢)+o(1—a) y _  gilato)x: — _aget(a—gi)¢
where k = (e —1)* =77, wy = gc(aw)Tq—a) and wr = c a0y
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We assume the monetary authority implements zero inflation in the disaster state, so

the following condition must be satisfied:
i = wrki — wydy. (D.97)

Marginal q. The pricing condition for g; is given by

o WiN; 1 L gt i g (1—C0x) —
A+ o) -0 — () + 24, t—o.
1—a Py K gy ( )Qt (1) (i % qt Nt qt (D98)

Linearizing the expression above, we obtain

WN | o
1f(xPKq( t=petme—k - (qt+ftK))—é(&—m)mﬁum_(zt_m_rn)ﬂtﬁtk
(D.99)

C\’ R
—A (C*) [@K (At +o(cr —cf)) +(1—§K)(qt+fg<_@f)} —0 (D.100)

Rearranging the expression above, and using the optimality condition for investment,

we obtain

A

G = (it — 70— ra — ) + Xgqlt + XgeCt + Xaikt + Xgr At + Xge tF + Xgg# G + Xgerct, (D.101)
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where

(Y L x WN ci(1+¢)
Xagg = A (@) (1-2Ck) +§(qu -1)+ 1 —(XP—Kq {1 - ﬁ?{lq
_ « WN ce(1+¢) C\’

Xoe =TT "4 PKyq [‘TJ“ 1—a | M)

. a WNg(l+9¢) 4

k=TT 4PKg | 1-w

C o
Xgr = A (5) Ck
« WN C\’
Xgt = 1_“P—Kq+/\ (a) (1—2k)
C g
Xagw = —A (§> (1—-2x)
C ag
Xgcx = —A (5) (ko
The corresponding equation in the disaster state is given by
gi = (if = r2) + Xae€} + Xoxki + Xqrq 5
C g
where xg g+ = Xgq — A (§) (1—Ck).
The law of motion of capital is given by
ke = Xugllt, ki = xeqdt,
where x, = @' (1)ixg-
Using the expression for c; and for i, we obtain
af = U(kaquA? - wq’ﬁ) + XqC(wkkf - wq‘ﬁ) + quk;ﬁ + Xg*q+ 4t -
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Rearranging the expression above, we obtain

‘7? _ Xq*q* Xq*k* ‘ﬁ (D112)
k Xige O k

given k;‘o = kt,, where

XqeWk + Xk
1+ ‘T(wq - kakq).

o Xggr — XgeWq S
Xoq =7 + 0 (wy — WiXg)' Xqrke =

(D.113)

Assuming that the matrix above has a positive and a negative eigenvalue, the dynamic

: - : — (bt A% — (bt
system above has a unique bounded solution given by ki = e~ ¥x( O)kfo and §f = wyspee Prlt—to) fx "
where wg+k+ is a constant that can be derived from the eigenvector associated with the neg-
ative eigenvalue. Similarly, we can write consumption in the disaster state as c; = w «j+kj.

We can then write the dynamics of §; in the no-disaster state as follows:
G = (iy — i — 1y — ) + Xaqdt + XqcCt + Xgrke + Xq)j\t + erf’tK, (D.114)
where X« = Kok + Xgg*Wgks + XgorWeskr, using the fact that ki = ki

D.3.4 Risk-premium neutrality

The dynamic system describing the evolution of the equilibrium variables in the no-

disaster state is given by

¢t 5 oY pr—1) 0  wul |c Xeaht + o0y — %)
7Tt | 0 —Kwg Kwy | |7t N 0
q.\t qu (P;-( -1 qu qu th Xq/\;\t + erftK + U — "/L\'tK
ki 0 0 Xeg O | |ke 0
I (D.115)
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given ko, where w = —dw k. Notice that the system is independent of Ay if the follow-

ing conditions are satified:
T = oxaads, = xpAr+ xget. (D.116)

Flexible-price allocation. Consider next the flexible-price allocation. We focus on the
case where consumption and investment taxes are set to zero. Under flexible prices, con-
sumption is given by

Ct = a)kkt — wqrjt. (D117)

The real rate is given by
iy — 11 — 1n = 0 (wike — wae — 8wk — wgdr) — werke — xeAAt) (D.118)
In this case, marginal q evolves according to

G = (it — 71 — 1) + Xqqt + XgeCt + Xgrke + XgrAs
= Xgq Gt + Xt ke + [Xqr — oxer] As, (D.119)

where )(g,f and Xglf capture the dependence of §; on §; and k; under flexible prices. The

coefficient on A; is given by

Xor — Oxer = A1 = k) ¢k — A [(1— k)77 — 1] (D.120)
—Al1-(1- gK)l—"} . (D.121)

In the case of a unit EIS, ¢ = 1, the coefficient on A; is equal to zero. Therefore, the

flexible price solution to capital and marginal q are simply k; = §; = 0. In this case, the
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real rate is given by

i —rn = —A(1 = Ck) " CxAr (D.122)

Equity prices are constant, g ; = 0, so the equity premium is given by
res —re = A(1— k) GxAr. (D.123)
The price of long-term bonds satisfy the condition:
qro = [re — L] /0 T ety ar, (D.124)
where it can be shown that rg > r].

The role of interest rate rule. We consider next the role of the interest rate rule in more
detail. Assume that the monetary policy rule now responds to changes in A;, that, it is
now given by

it =1y + Pt + (PA/A\t + ug, (D.125)

for some ¢, € R. We assume that ¢ is such that the equilibrium is locally unique.
Consider again the system (D.115), setting all taxes to zero. The system of equations

can then be written as

¢ =0ct+ 0 (¢pr — 1) 71 + wecks + (0*1% + XM) A+ o Yy, (D.126)
T = —KCt + P70 — Kwy + Kwiks, (D.127)

Gr = Xgect + (@ — 1) 70 + Xqqt + Xokkt + (@2 + Xqr) At + 1y, (D.128)
ki = XigGt, (D.129)

where x.\ = % [(%)U — 1}, Xgr = A (%)UCK, and (g = 1— %* It is immediate to see
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that if o = 1 and ¢ = —x1, the system of equations characterizing the equilibrium is
independent of A.

Thus, there exists a monetary rule that makes the response of consumption, invest-
ment, output, and inflation to a monetary shock to be independent of movements in risk
premia when the EIS = 1. However, the path of the nominal and real interest rates need
to depend on the path of A;. Hence, this “neutrality” result does not answer the question

of what role do changes in asset prices play in the monetary transmission mechanism.

E Estimation of Fiscal Response to a Monetary Shock

We estimate the empirical IRFs using a VAR identified by a recursiveness assumption, as
in Christiano, Eichenbaum and Evans (1999), extended to include fiscal variables. The
variables included are: real GDP per capita, CPI inflation, real consumption per capita,
real investment per capita, capacity utilization, hours worked per capita, real wages, tax
revenues over GDP, government expenditures per capita, the federal funds rate, the 5-
year constant maturity rate, and the real value of government debt per capita. We esti-
mate a four-lag VAR using quarterly data for the period 1962:1-2007:3. The identification
assumption of the monetary shock is as follows: the only variables that react contempo-
raneously to the monetary shock are the federal funds rate, the 5-year rate and the value
of government debt. All other variables, including tax revenues and expenditures, react
with a lag of one quarter. This assumption is the natural extension of Christiano et al.
(1999) to a model with fiscal variables: while agents” decisions (in our case, households
and the government) do not react to the shock contemporaneously, financial variables
(in our case, the federal funds rate, the 5-year rate, and the value of government debt)

immediately incorporate the information of the shock.
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Figure E.1: Estimated IRFs.

Data sources. The data sources are: Nominal GDP: BEA Table 1.1.5 Line 1; Real GDP:
BEA Table 1.1.3 Line 1, Consumption Durable: BEA Table 1.1.3 Line 4; Consumption
Non Durable: BEA Table 1.1.3 Line 5; Consumption Services: BEA Table 1.1.3 Line 6; Pri-
vate Investment: BEA Table 1.1.3 Line 7; GDP Deflator: BEA Table 1.1.9 Line 1; Capacity
Utilization: FRED CUMENS; Hours Worked: FRED HOANBS; Nominal Hourly Com-
pensation: FRED COMPNEFB; Civilian Labor Force: FRED CNP160V; Nominal Rev-
enues: BEA Table 3.1 Line 1; Nominal Expenditures: BEA Table 3.1 Line 21; Nominal
Transfers: BEA Table 3.1 Line 22; Nominal Gov’t Investment: BEA Table 3.1 Line 39;
Nominal Consumption of Net Capital: BEA Table 3.1 Line 42; Effective Federal Funds
Rate (FF): FRED FEDFUNDS; 5-Year Treasury Constant Maturity Rate: FRED DGS5;
Market Value of Government Debt: Hall, Payne and Sargent (2018).

All the variables are obtained from standard sources, except for the real value of debt,
which we construct from the series provided by Hall et al. (2018). We transform the series

into quarterly frequency by keeping the market value of debt in the first month of the
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] @ ®) 4) ) MH-2-C)+#-06)
Revenues Interest Payments Transfers &  Debtin T  Initial Debt Residual

Expenditures
Benchmark 10.54 36.2 2.68 1.42 -17.62 9.3
[-14.11,35.18] [20.07,52.33] [16.99,22.34]  [14.77,17.61] [-21.62,-13.63] [-16.69,35.29]
Benchmark + EBP (shorter sample) 26.80 23.1 3.55 -74 -10.84 -3.6
[10.6,42.82] [8.18,38.02] [-15.142224]  [-30.1,153]  [-16.8,-4.88] [-17.91,10.71]
Contemp. Output & Revenues 12.43 36.39 -0.02 4.03 -15.26 4.65
[-12,36.85] [19.73,53.05] [[17.78,17.73]  [-11.11,19.18] [-19.38,-11.14] [-19.73,29.03]
Robustness 1 3212 45.58 15 473 -16.26 -6.03
[4.77,59.47) [28.22,62.94] [[1837,21.36]  [-14.01,2347] [-20.09,-12.43] [-32.81,20.75]
Contemp. Inflation 11.59 37.16 0.72 2.16 -18.37 5.77
[-13.54,36.72] [20.81,53.51] [-18.33,19.77] [-13.9,18.22]  [-22.68,-14.06] [-20.24,31.77]
Robustness 2 11.59 37.16 0.72 2.16 -18.37 5.77
[-13.54,36.72] [20.81,53.51] [-1833,19.77]  [-13.9,1822] [-22.68,-14.06] [-20.24,31.77]
Contemp. Output, Revenues & Infl. 15.32 38.67 -5 6.09 -16.66 -4.4
[-8.62,39.27] [22.67,54.67) [-23.02,13.02]  [9.3921.57]  [-20.62,-12.7] [-29.96,21.17]
Robustness 3 15.32 38.67 -5 6.09 -16.66 -4.4
[-8.62,39.27] [22.67,54.67) [-23.02,13.02]  [9.3921.57]  [-20.62,-12.7] [-29.96,21.17]

Table E.1: The impact on fiscal variables of a monetary policy shock

Note: Calculations correspond to a a 100 bps unanticipated interest rate increase. Confidence interval at 68% level.

quarter. This choice is meant to avoid capturing changes in the market value of debt
arising from changes in the quantity of debt after a monetary shock instead of changes in

prices.

VAR estimation. Figure E.1 shows the results. As is standard in the literature, we find
that a contractionary monetary shock increases the federal funds rate and reduces output
and inflation on impact. Moreover, the contractionary monetary shock reduces consump-

tion, investment, and hours worked.

The Government’s Intertemporal Budget Constraint. The fiscal response in the model

corresponds to the present discounted value of transfers over an infinite horizon, that is,

Y52 0 BiT:, where B = 11;25 . We next consider its empirical counterpart. First, we calculate
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a truncated intertemporal budget constraint from period zero to 7

T
5t -1y (: 3
S~~~ =0 —— interest;)rayments ~ ~~ ~
debt tax revenue other transfers/expenditures
revaluation & final debt

The right-hand side of (E.1) is the present value of the impact of a monetary shock on
tiscal accounts. The first term represents the change in revenues that results from the real
effects of monetary shocks. The second term represents the change in interest payments
on government debt that results from change in nominal rates. The last two terms are
adjustments in transfers and other government expenditures, and the final debt position
at period 7, respectively. In particular, Ty represents the present discounted value of
transfers from period 0 through 7. Provided that 7 is large enough, such that (v, &, i)
have essentially converged to the steady state, then the value of debt at the terminal date,
b7, equals (minus) the present discounted value of transfers and other expenditures from
period 7 onward. Hence, the last two terms combined can be interpreted as the present
discounted value of fiscal transfers from zero to infinity. Finally, the left-hand side repre-
sents the revaluation effect of the initial stock of government debt.

Table E.1 shows the impact on the fiscal accounts of a monetary policy shock, both in
the data and in the estimated model. We first apply equation (E.1) to the data and check
whether the difference between the left-hand side and the right-hand side is different

from zero. The residual is calculated as

Residual = Revenues - Interest Payments - Transfers + Debt in 7 - Initial Debt

We truncate the calculations to quarter 60, that is, 7 = 60 (15 years) in equation (E.1).
The results reported in Table E.1 imply that we cannot reject the possibility that the resid-
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Figure E.2: IRFs for the federal funds rate and excess bond premium.

ual is zero and, therefore, we cannot reject the possibility that the intertemporal budget
constraint of the government is satisfied in our estimation.

The adjustment of the fiscal accounts in the data corresponds to the patterns we ob-
served in Figure 2. The response of initial debt is quantitatively important, and it accounts

for the bulk of the adjustment in the fiscal accounts.

EBP. To estimate the response of the corporate spread in the data, we add the EBP mea-
sure of Gilchrist and Zakrajsek (2012) into our VAR (ordered after the fed funds rate).
Since the EBP is only available starting in 1973, we reduce our sample period to 1973:1-
2007:7. The estimated IRFs are in line with those obtained for the longer sample. We find
a significant increase of the EBP on impact, of 6.5 bps, in line with the estimates in the
literature. Moreover, Table E.1 shows that the estimated impact of the monetary shock on

the fiscal accounts is in the ballpark of the benchmark case.

Robustness. To evaluate the sensitivity of our results to different identification assump-
tions, we consider alternative exercises that also impose the recursiveness assumption.
We analyze three main specifications: i) output and revenues are allowed to respond

contemporaneously to the monetary shock, ii) inflation is allowed to respond contem-
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poraneously to the monetary shock, iii) output, revenues, and inflation are allowed to
respond contemporaneously to the shock.

Table E.1 summarizes the results. The estimated effect of a monetary shock on fiscal
variables is nearly identical across all cases. The implied response of the primary surplus
ranges from 9 bps to 26 bps. While the upper bound is about three times larger than in our
benchmark case, it remains orders of magnitude smaller than the fiscal backing implied

by the MSV equilibrium.
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