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1 Introduction

It is well understood that cyclical variation in investors’ capacity to bear risk is essen-
tial to understanding the link between the macroeconomy and financial markets (see
e.g. Cochrane (2017)). However, it is less clear how this time-varying link between the
real economy and financial markets affects high-frequency stock and bond movements
around monetary policy announcements, which are often used to assess the effectiveness
of monetary policy for the real economy (Bernanke and Kuttner (2005)).

Our contribution is twofold. First, we integrate a small-scale New Keynesian model of
monetary policy with the finance habit formation preferences of Campbell, Pflueger, and
Viceira (2020), whereby investors become less willing to hold risky assets in times when
output and consumption are low relative to a slowly-moving habit. These preferences
have been shown to successfully reconcile the equity volatility puzzle of Shiller (1981),
generate flight-to-safety in long-term Treasury bonds during the post-2001 period, and
imply an exactly log-linear Euler equation typical of New Keynesian models. We fill a
gap by departing from the reduced-form inflation and interest rate dynamics of Campbell,
Pflueger, and Viceira (2020), and newly integrate finance habit preferences with a model
of monetary policy.

Second, this new framework predicts how stocks and bonds should respond to mone-
tary policy news, where news may be either about the short-term policy rate or long-term
expected inflation. We show that our model, estimated to match quarterly macroeco-
nomic moments, also matches the empirical high-frequency response of stock returns to
monetary policy surprises around Federal Open Market Committee (FOMC) announce-
ments. The model implies that time-varying risk premia are quantitatively important for
stock responses to monetary policy, and especially so after declines in output.

We start by documenting empirically that stock returns around FOMC dates move
differently with short-term interest rates and long-term breakeven inflation, building on
an empirical literature that has documented that monetary policy announcements reveal
information about long-term inflation and the economy (Romer and Romer (2000), Naka-

! Figure 1, Panel A shows that a surprise decrease in the

mura and Steinsson (2018)).
short-term Federal Funds rate around FOMC announcements is typically accompanied
by a large increase in stock returns in the same time interval. This well-known result
of Bernanke and Kuttner (2005) has been interpreted as evidence that the Fed can ef-

fectively stimulate the economy by temporarily lowering interest rates. Panel B shows

!Figure 1, Panel A uses intraday changes in the Federal Funds rate from Gorodnichenko and Weber
(2016) and in the S&P from TAQ. Panel B uses one-day changes in 10-year breakeven computed as
the difference between Giirkaynak, Sack, and Wright (2007) nominal and Giirkaynak, Sack, and Wright
(2010) Treasury Inflation-Protected Securities (TIPS) bond yields and one-day value-weighted stock
returns from CRSP. For a detailed description of the empirical results see Section 4.5.



that an increase in long-term breakeven, which is defined as the difference between 10-
year nominal and real bond yields and often interpreted as a proxy of long-term inflation
expectations, has the opposite correlation with stock returns on FOMC announcement
dates, as recently documented by Jarocinski and Karadi (2020) and Andrade and Ferroni
(2020). This finding is often interpreted as evidence of a “Fed information effect”, whereby
the Federal Reserve announcements reveal correlated news about long-term inflation and
economic activity. The comovement shown in Panel B zeros in on FOMC dates and hence
differs from the unconditional stock market beta of nominal bonds studied in Campbell,
Pflueger, and Viceira (2020).?

We derive log-linear macroeconomic dynamics from consumers’ intertemporal Euler
equation and firms’ profit optimization, and combine them with a log-linear Taylor-type
rule for short-term interest rates. We assume a representative consumer with finance
habit preferences, whereby utility is determined by consumption in excess of a slowly
moving habit, and surplus consumption dynamics take precisely the form needed to gen-
erate an exact log-linear consumption Euler equation. Different from Campbell, Pflueger,
and Viceira (2020) we link the household and firm problems by integrating leisure into
these preferences. Assuming that leisure is valued for its value in home production as in
the classic model of Greenwood, Hercowitz, and Huffman (1988) separates wages from
the intratemporal consumption-savings decision, thereby sidestepping the counterfactual
labor implications that have previously affected models of asset pricing habits within
production economies (Lettau and Uhlig (2000)).

We derive a standard log-linearized Phillips curve, assuming that firms set prices op-
timally subject to Calvo (1983) staggered price setting with backwards indexation. Pro-
ductivity features learning-by-doing (Lucas (1988)) to generate an endogenous stochastic
output trend, and predictable productivity growth. Euler equation and Phillips curve
shocks arise from shocks to habit and markups. All fundamental shocks are assumed
to be conditionally homoskedastic, so time varying risk premia arise endogenously from
preferences, rather than from auxiliary assumptions about time-varying quantities of risk.

We model monetary policy via a Taylor (1993)-type interest rate rule suited to study
variation in short-term interest rates and breakeven around FOMC dates. The rule has

two different types of shocks to match the multivariate stock return pattern documented

2Relatedly, Hanson and Stein (2015), and Nakamura and Steinsson (2018) have documented that
long-term real bond yields co-move with short-term interest rates on FOMC dates, and Nakamura and
Steinsson (2018) have linked this finding to news about economic growth. The empirical variation that we
emphasize is complementary and largely orthogonal, as most variation in breakeven changes on FOMC
days is uncorrelated with Federal Funds rate news over our sample period. While our model matches the
empirical comovement between nominal short-term and real long-term interest rates (Appendix F.2), we
emphasize the breakeven-stock comovement because of our focus on time-varying risk premia, which are
more important for stocks than for long-term real bonds.



in Figure 1. The first shock is a traditional short-term monetary policy shock that raises
the the Federal Funds rate this quarter and lowers output and consumption through the
Euler equation. The second shock captures long-term economic news and is modeled via
a shock to trend inflation. A decline in long-term inflation expectations acts like a costly
disinflation similarly to Ball (1994) and Giirkaynak, Sack, and Swanson (2005), moving
the output gap and consumption expectations in the same direction as expected inflation.
These effects are in line with the effects of permanent interest rate shocks in Cochrane
(2018), Uribe (2018), and Schmitt-Grohé and Uribe (2018).

We model high-frequency stock returns and bond yield changes around FOMC dates
by decomposing the quarterly shock into pre-FOMC and FOMC components, and solving
for pre-FOMC asset prices at the expected state vector conditional on the pre-FOMC
shock. Our solution for asset prices preserves their full nonlinearity, following the best
practices numerical solution of Wachter (2005). Nonlinear asset prices imply that after a
sequence of bad shocks, when consumption is close to habit, required compensation for
holding risky assets — such as stocks — is high and required compensation for holding safe
asses — such as nominal Treasury bonds — is low or even negative. The highly nonlinear
nature of risk premia generates high and volatile stock returns and ensures that the
consumption Euler equation is log-linear. The main approximation we use in solving
the model is a standard log-linearization for the Phillips curve.®> By solving for log-
linear macroeconomic dynamics, we keep the asset pricing solution tractable and focus
on nonlinearities where they are most salient, namely in asset prices.

We estimate the model in two steps. We first calibrate the preference parameters,
the parameters governing the firms’ problem, and the monetary policy rule to standard
values in the literature. In a second step, we use simulated method of moments (SMM) to
estimate the volatilities of shocks. Our estimation targets reduced-form macroeconomic
impulse responses for output, inflation, and the Federal Funds rate, and the volatil-
ity of quarterly changes in long-term breakeven, thereby matching basic volatilities and
comovements in macroeconomic data. Despite the significant additional structure, our
model is similarly successful in generating a low volatility of the output gap with a much
higher volatility of stock returns as in Campbell and Cochrane (1999), and a negative
stock market beta of long-term nominal Treasuries as in Campbell, Pflueger, and Viceira
(2020). We obtain an equity Sharpe ratio of 0.50, an annualized equity premium of 6.82%
and annualized equity return volatility of 13.55%. The model generates volatile excess
returns for 10-year real bonds and breakeven, defined as the difference between nominal

and real bond returns, though they are not as volatile in the data. Our model does not

3Because we preserve the full nonlinearity of asset prices, and the Euler equation and monetary policy
rule are already exactly log-linear, we do not mix different orders of approximation.



match the average risk premium in long-term nominal or real bonds, which is however
hard to estimate reliably over a short sample of 20 years.

The model naturally explains the empirical evidence in Figure 1, Panel A, but only
if the stock return response is amplified by countercyclical risk aversion. In the model, a
positive shock to the short-term nominal rate leads to declines in output and consumption.
These model responses are hump-shaped, consistent with the data and the role of habits
in macroeconomic models.* As consumption declines towards habit, risk aversion and
the return consumers require to hold risky stocks increase. Stock prices hence fall more
than expected dividends, and our model attributes about one-half of the decline in stock
prices to the higher required compensation for holding risk, in line with the empirical
decomposition in Bernanke and Kuttner (2005).

The model ascribes the empirical evidence on breakeven inflation in Figure 1, Panel
B, to information about long-term inflation being revealed on FOMC dates. In the
model, downward revisions to long-term inflation expectations tend to go along with
lower expected output, as a permanent decline in inflation acts as a costly disinflation.
The long-term monetary policy shock hence induces breakeven inflation and stock prices
to rise and fall together, matching the positive empirical comovement on FOMC dates.
Risk premia again amplify the model decline in stock prices as consumption falls towards
habit.

Our model generates the unique prediction that when times are bad, stock markets
react more strongly to monetary policy even if the real economy does not. This finding
suggests that during crises, such as the ongoing Covid-19 crisis, dramatic stock market
responses to monetary policy need not indicate equally dramatic effectiveness for the real
economy. This prediction arises naturally in our model from endogenous variation in
risk bearing capacity implied by finance habit preferences. When consumption is close to
habit, households’ marginal utility is particularly sensitive to consumption, so a monetary
policy action that lifts the economy has an especially strong calming effect on household
risk aversion, amplifying the risk premium effect on stocks that is present in normal
times. Consistent with this prediction, we find that stock return volatility around FOMC
announcements was amplified during the financial crisis of 2008-09.

This paper is complementary to recent innovations in understanding heterogeneous
consumer responses to monetary policy and their implications for macroeconomic out-
comes (Kaplan, Moll, and Violante (2018), McKay, Nakamura, and Steinsson (2016),
Auclert, Rognlie, and Straub (2020)) and financial asset prices (Drechsler, Savov, and
Schnabl (2018), Kekre and Lenel (2020)). We keep the representative agent assumption,

4Fuhrer (2000) include habits within a macroeconomic model, while Boldrin, Christiano, and Fisher
(2001) use habits that resolve the equity premium but not the smooth risk-free rate puzzle.



but instead assume finance habit formation. The advantage of finance habits is that their
quantitative implications for asset prices are well-understood. We thereby provide a parsi-
monious model that jointly explains a number of empirical findings: high-frequency stock
return responses to both Federal Funds rate innovations and long-term inflation news,
volatile aggregate stock returns and a smooth risk-free rate, and hump-shaped macroe-
conomic impulse responses. Finance habits and heterogeneous agents would likely lead
to interesting interactions and amplify each other, though modeling these interactions is
beyond the scope of this paper. We similarly view our model as complementary to the
liquidity-based model of stock responses to Federal Funds rate innovations of Lagos and
Zhang (2020).

We also contribute to a growing literature jointly modeling financial asset prices with
endogenous macroeconomic dynamics, by allowing finance habit formation preferences to
be integrated into a standard small-scaled New Keynesian model. Prior work has used
ambiguity aversion (Bianchi, Ilut, and Schneider (2018)), disaster risks (Gourio (2012),
Kilic and Wachter (2018)) and long-run risks (e.g. Kung (2015), Gourio and Ngo (2020))
to understand asset pricing implications within models of the macroeconomy. While these
papers usually require an exogenously assumed link between the quantity of risk and other
state variables, our endogenous link between the level of monetary policy shocks and risk
premia in financial markets generates new predictions about the state-dependence of stock
return responses to monetary policy. Prior research, including Uhlig (2007), Dew-Becker
(2014), Rudebusch and Swanson (2008), Lopez (2014), Stavrakeva and Tang (2019), and
Bretscher, Hsu, and Tamoni (2019) has embedded simplified finance habit preferences
into a New Keynesian model. Following Campbell, Pflueger, and Viceira (2020), we
preserve the full non-linearity of Campbell and Cochrane (1999)’s consumption-based
habit formation preferences, and thereby retain their favorable asset pricing properties
generating volatile stock returns and stable short-term interest rates.

The paper is organized as follows. Section 2 presents the model. Section 3 solves the
model. Section 4 estimates the model and assesses its macroeconomic and asset pricing

implications. Section 5 concludes.

2 Model

2.1 Summary

The model is specified such that households” and firms’ first-order conditions imply the

smallest scale New Keynesian work-horse model, i.e. a log-linear consumption Euler



equation and Phillips curve:

v, = [TExia+ ptrey — ) (ry — 1) 4 Vs, (1)
T = f”EﬂTtH -+ p”ﬂt,l + KT + Ur t, (2)

while nesting the asset pricing habit preferences of Campbell, Pflueger, and Viceira
(2020), which, in turn, build on a long-standing literature of habits in finance (Con-
stantinides (1990), Campbell and Cochrane (1999), Wachter (2006)).

Here, r; denotes the log real risk-free interest rate that can be earned from time ¢ to
time t + 1, the output gap, x;, equals log real output minus log potential output at the
hypothetical equilibrium without price—setting frictions (Woodford (2003), p.245), and
m is log quarterly inflation. The rate 7y is the frictionless real rate related to expected
productivity growth. The demand and Phillips curve shocks v, ; and v, and the positive
coefficients f*, p®, ¢, f7, p™, k arise from consumer preferences and the firm’s problem.
The consumption Euler equation is exact, and the Phillips curve is derived from the usual
log-linearization. Both equations are specified up to a constant. We use lower-case letters

to denote log variables throughout.

2.2 Preferences

2.2.1 Finance habit

There is a representative agent whose utility depends on the difference between consump-
tion C; and external habit H;:
(C,—H)"™" =1 (SCy)'7 -1

U = 1_7 = 1_7 . (3)

Here C; is the quantity of market goods available for consumption, H; is consumers’
habit level for market-produced goods, and 7 is a curvature parameter. The surplus
consumption ratio
5, = = )

is the fraction of market consumption that is available to generate utility. Relative risk
aversion varies inversely with the surplus consumption ratio: —UqccC/Uc = v/ S;.

The consumer first-order condition implies that the gross one-period real return (1 +
R;11) on any asset satisfies

1=E; [Myt1 (14 Ren)], (5)

where the stochastic discount factor is related to the log surplus consumption ratio s;y;



and log consumption c¢;; by

U/
My = ﬂ[;:rl = Bexp (—y(Asi1 + Acyy1)) . (6)
t

2.2.2 Surplus consumption dynamics

We model implicitly how habit adjusts to the history of consumption through the dy-

namics for log surplus consumption:

Sty1 = (1 —00)s +6pst + 012 + Ooxe1 + €50 + A(St)ectr1, (7)

Ectrl = Cp1 — Eyepr. (8)

Here, 5 is steady-state log surplus consumption and €, is a serially uncorrelated ho-
moskedastic habit shock. The consumption shock e.; will be derived as a function of fun-
damental shocks in equilibrium. For now, we note that it is conditionally homoskedastic
and serially uncorrelated with standard deviation o.. The sensitivity function A(s;) takes

the form:

1-2 —s5)—1 < mazx
Asi) = { e8] S v (9)
O St > Smaz

& v
S = 061/71_80, (10)

log(.S), (11)
Smaz = 5+ 0.5(1—S5?). (12)

W=

®l
I

The downward-sloping relation between A(s;) and s; has the intuitive implication that
marginal consumption utility is particularly sensitive to consumption innovations when
investors are close to their habit consumption level, as would be the case after a sequence
of bad shocks. The particular non-linear form of A\(s;) implies that s, drops out of the asset
pricing Euler equation for the real risk-free rate, because the associated intertemporal
substitution and precautionary savings terms cancel exactly. The terms 6,2z, and 0z,
make habit depend on the output gap. Our model has no real investment, so it is intuitive
to interpret the x; terms as consumption relative to a frictionless level entering into habit.
If 6, > 0 and 0y < 0, as in our empirical specification, the dependence of habit on the
most recent consumption lag increases relative to simple geometric weights, see Appendix
A. The habit shock €, captures independent fluctuations in habit and leads to a shock

in the consumption Euler equation. A positive €, lowers future expected habit and



increases future expected surplus consumption, reducing risk aversion.’

2.2.3 Labor-leisure trade-off

Before describing the firm’s problem we need to specify households’ intratemporal labor-
leisure trade-off, which is at the heart of wage determination. To achieve a standard
functional form for the Phillips curve, we choose a labor disutility specification that en-
sures surplus consumption does not enter into the intratemporal labor-leisure trade-off.
Following the classic model of Greenwood, Hercowitz, and Huffman (1988), we assume
that the representative household’s total consumption, C{° is the sum of market con-

sumption, C;, and home production C/™e:

Gt = Cy+ e, (13)

1 1— .
1—-L; Xd

CZ’LO’me = AtNtfo ( 7t) Z.

=X

(14)

Here, L;; denotes the differentiated labor used for production by firm ¢ and (1 — L)
is labor used for home production. Home production has decreasing returns to scale,
as in Campbell and Ludvigson (2001), and the parameter x determines the elasticity
of market labor supply. The differentiated labor assumption follows Woodford (2003,
Chapter 3) and generates real rigidities from labor immobility across sectors (Ball and
Romer (1990)).

The utility function (3) is specified in terms of market consumption C; and habit H,
which allows us to fit the model to data on market goods output. However, this utility
function is clearly equivalent to a power utility function over the difference between total
consumption and total habit, with total habit given by H{*® = H;, + C™¢. Intuitively,
home consumption drives up total habit one-for-one, and does not generate time-varying

risk aversion over market goods consumption.

2.3 Firm Problem
2.3.1 Demand

Demand for the differentiated good 7 is downward-sloping in its product price P, ;:

P\
Y, = Y, (=2 . 15
o= (3 (15)

5A similar intuition is captured by the reduced-form “moody investor” model of Bekaert, Engstrom,
and Grenadier (2010) and Bekaert, Engstrom, and Xu (2019). We go beyond this prior literature by
integrating preferences with typical New Keynesian microfoundations, and we separate habit shocks from
heteroskedasticity in fundamentals.



_1
Here, P, = [ fol PZ-;(et_l)di} %~ is the aggregate price level. The time-varying elasticity of
substitution #; is assumed to be log-normally distributed around steady-state 6. Shocks
to log 6, are denoted €y, and assumed to be serially uncorrelated and homoskedastic.

Aggregate output and labor are Dixit-Stiglitz aggregates of differentiated goods Y;; and

labor Li,t
04 ¢
1 o1 (ot 1 @-v0-n 1mHTH
Y, = l/ Vi di} Ly = l/ Ly, " di] : (16)
0 0

Because there is no time-varying real investment, consumption equals output C; = Y;.5

2.3.2 Production

Firm ¢ produces according to a Cobb-Douglas production function with capital share 7:
}/;71/ — AtNtL}7;T. (17)

Productivity is the product of technology, A;, and human capital, N;. Following Lucas
(1988), human capital depends on the average skill acquired by all agents, so agents do
not internalize the effect of acquiring skills on aggregate production. We assume that for
some constants 0 < ¢ < 1 and v > 0, changes in log human capital are driven by past

market labor, [;_1:
ng = VvV + Ny_1 + (1 — ¢)(1 — T)lt—l' (18)

Alternatively, the process (18) can be interpreted as a simple endogenous capital stock,
similarly to Woodford (2003) (Chapter 5), if a fixed proportion of employment each
period is used as an input to produce investment goods. If real investment comes out of
labor, this interpretation would leave the relationship between consumption and output
unchanged and only the constants in the home production function (14) would change.
The purpose of n; is simply to detrend the output gap, so the specific interpretation is
not central for us.

We incorporate predictable productivity growth in the simplest possible manner, as-
suming that A; is predictable one period ahead, i.e. that the change in log technology
Aay. 1 is known at time t. To economize on state variables, we assume that productivity

growth is perfectly predictable and is a linear function of existing state variables, and in

SWe do not include real investment in order to present the simplest possible model of monetary
policy and finance habits. Our analysis is therefore complementary to the classic paper of Jermann
(1998), which studies a real business cycle model with habit formation preferences.
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particular the real risk-free rate deviation from the frictionless steady-state
Aaryr = pre —7) (19)

This relationship captures the intuition that the central bank may try to set the real
risk-free rate following variation in the natural rate due to variation in expected growth

rates (Nakamura and Steinsson (2018)). We use the notation
ry = vAap1 (20)
for the natural real rate due to expected productivity growth.”

2.3.3 Price setting

When a firm can update its product price, it maximizes the discounted sum of current
and future expected profits discounted at the stochastic discount factor while the price
remains in place. Firm profits equal output minus the cost of labor, subject to the
production function (17), demand for differentiated goods (15), and taking wages from
consumers’ labor-leisure trade-off as given.

Firms face price-setting frictions in the manner of Calvo (1983), where fraction 1 — «
of firms can change prices every period with equal probabilities across firms. When firms
cannot update, their prices are indexed to lagged inflation (?Christiano, Eichenbaum,
and Evans, 2005). A firm that last reset its price at time ¢ to P,, charges a nominal time
t + j price P, (ngj).

2.4 Monetary Policy

Motivated by the empirical evidence in Figure 1, we choose the simplest Taylor-type rule

with a two factor shock structure (ignoring constants):

i = pli+ (1—p')i; + vsru, (21)
vy = v tourry (22)
iy = Yw+ym+ (1 =) (23)

The first shock, vgry, is a short-term monetary policy shock and represents a standard

7Our main model results for high-frequency stock returns against innovations in the Federal Funds
rate and breakeven are robust to setting p* = 0, see Appendix F.1. The purpose of time-varying expected
productivity growth is simply to generate volatility in real bonds, and to drive down the real bond return
correlation with output and stock returns. Note that the frictionless real rate, more broadly defined,
would encompass both r{ and shocks to preferences (Woodford (2003)).

11



innovation to the short-term nominal interest rate. The second shock, v}, is a long-term
monetary policy shock and shifts the random walk component of inflation expectations,
v}, thereby moving the entire term structure of nominal interest rates.® We assume that
short-term and long-term monetary policy shocks are uncorrelated, motivated by the
empirical correlation between Fed Funds rate and breakeven innovations on FOMC dates
in our sample being close to zero. Here, i; denotes the central bank’s interest rate target,
to which it adjusts slowly with a smoothing coefficient p’.

To keep the macroeconomic dynamics tractable and log-linear we use the common

log-linear approximation for the nominal log short-term interest rate
it = Tt + Etﬂ-t-f—l' (24)

The approximation error stemming from (24) in our estimated model is small and within
the range of measurement error of bond yields. We do not approximate longer-term bond

prices, instead solving for time-varying risk premia numerically.

2.5 Stocks

We model stocks as a levered claim on consumption, as in Abel (1990) and Campbell
(2003), while preserving the cointegration of consumption and dividends. Let Pf denote
the price of a claim to the entire future consumption stream Cj i, Ciig,... At time ¢
the aggregate firm buys Py and sells equity worth 6 ¢, with the remainder of the firm’s
position financed by one-period risk-free debt worth (1 — §)Pf. Stocks in our model
should therefore simply be interpreted as a financial asset with pro-cyclical dividends,

rather than a financial claim tied specifically to firm cash flows.”

3 Model Solution and Discussion

3.1 Steady-State and Output Gap

We log-linearize output, consumption, and labor around the steady-state with Y, =

A, L'"7, where L is the labor supply consistent with flexible prices and steady-state

8We do not explicitly model the zero-lower-bound (ZLB) for simplicity, leaving this application for
future research. One simple way to incorporate the ZLB explicitly into the model would be through a
Markov regime switching model, which would preserve the tractability of the model.

9 Alternatively, one could models stocks as a claim on firm profits rather than consumption. However,
this would require modeling infrequent wage setting to match the cyclical behavior of dividends (Favilukis
and Lin (2016)). Since our goal is to understand the implications of a time-varying price of risk in response
to monetary policy more generally, it is not crucial for us whether stocks represent a claim on profits.

12



markups. We use hats to denote log deviations from this steady-state. In a flexible-price

0
0:—1

The log output gap z; is the deviation of log output from the flexible-price equilibrium

equilibrium, each firm wishes to charge a markup over real marginal cost.

(up to a constant):
Ty = Y — Nt — Gt = C — (1 - Cb) Z ¢j0t—1—j - Z ijAat—gw (25)
=0 =0

Here, we have used the resource constraint y; = ¢; and the process for human capital (18).
Equation (25) has the appealing feature that the empirical output gap from the Bureau
of Economic Analysis closely resembles stochastically detrended consumption (Campbell,
Pflueger, and Viceira (2020)). Inverting equation (25) gives an intuitive expression for

consumption growth in terms of the output gap and productivity growth:
Aciy1 = X1 — 0T + Aayq. (26)

3.2 Euler Equation

We obtain the ezact log-linear Euler equation (1) in terms of preference parameters:

05 1 1

-~ . S (Y . 2
Tt ¢_01 tIt+1+¢_91It 1 7(¢_91> (’f‘t Tt>+¢_01€’t ( 7)
fa pe ¥ va.t

This expression is the no-arbitrage condition (5) for the one-period real risk-free bond,
substituting in the stochastic discount factor (6), log surplus consumption dynamics (7),
and the updating equation for consumption growth (26). The log-linear Euler equa-
tion (27) does not depend on the specific microfoundations for consumption and output,
provided that consumption is homoskedastic and satisfies the updating equation (26).

Our modeling choices simplify the no-arbitrage condition for the one-period real risk-
free bond, and ensure that it takes exactly the form of a New-Keynesian consumption
Euler equation. The specific nonlinear form of the sensitivity function A(s;) has the
unique advantage that the precautionary savings and intertemporal substitution terms
from s; cancel, and s; is not a state variable for macroeconomic dynamics. Surplus con-
sumption dynamics are of course linked to the consumption Euler equation (27) through
consumption and habit shocks.

The Euler equation (27) shows that 6, > 0 generates a lagged output gap term. As
a lagged output gap term is known to be crucial for matching hump-shaped output gap
responses to monetary policy shocks (Boldrin, Christiano, and Fisher (2001) and Fuhrer

(2000)), this parameter is essential for linking the finance and monetary policy sides of

13



our model. In our estimation, we constrain the parameter 6; so that the forward- and
backward-looking terms in the consumption Euler equation sum to one.

The habit shock microfounds risk-centric demand shocks in the Euler equation, and
shows that shocks to risk-bearing capacity enter into macroeconomic dynamics in line
with a growing literature including Christiano, Motto, and Rostagno (2014), Caballero
and Simsek (2020), Pflueger, Siriwardane, and Sunderam (2020), and Kekre and Lenel
(2020). Demand shocks from other microfoundations, such as a gap between interest
earned by consumers relative to the interest rate controlled by the central bank (Smets
and Wouters (2007)), or a shock to the rate of time preference (e.g. Justiniano and
Primiceri (2008), Albuquerque, Eichenbaum, Luo, and Rebelo (2016)), would lead to
similar macroeconomic dynamics but different asset pricing implications. Demand shocks
microfounded from habit allow us to use a single stochastic discount factor to price all

assets, and drive real bonds and stocks in opposite directions similarly to the data.

3.3 Phillips Curve

Combining the labor-leisure choice (14) with external habit preferences (3) and log-
linearizing around a steady-state with Ei,t = L gives a standard expression for the log-

linearized real wage in terms of labor supply (up to a constant):

Dy = ( 1_LL) i (25)
Equation (28) makes clear that the log-linearized real wage takes a standard form inde-
pendent of habit, thereby sidestepping the issue noted by Lettau and Uhlig (2000) that
habit may affect labor supply decisions in a production economy. Comparing to standard
New Keynesian models (e.g. Gali (2008)) our log real wage is even somewhat simpler
because it does not depend on aggregate consumption.'® When consumption is close
to habit the marginal utility from both market and home consumption is high, leaving
the wage unaffected. In practice, this might capture that after an adverse shock con-
sumers shift from eating out to cooking at home, as documented in Aguiar, Hurst, and
Karabarbounis (2013). The assumption that home production increases with aggregate
productivity, A;/N;, ensures that the labor-leisure trade-off does not become irrelevant
over time (Kehoe, Lopez, Midrigan, and Pastorino (2019)), consistent with empirical
evidence (Chodorow-Reich and Karabarbounis (2016)).

We then proceed with standard log-linearization of the firms’ price-setting problem

10Because labor supply and consumption are linked in equilibrium, this has no effect on the qualitative
nature of the log-linearized Phillips curve and a negligible quantitative effect.
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around the random walk component v; (Cogley and Sbordone (2008)) to obtain the

log-linearized Phillips curve:

By 1 K
T = Emy1+——m i+ 52+ | ———— ] oy 29
t 1+ 5, tTp41 115, t—1 t (0 —1) 0.t (29)
T T g

Here, 5, = Pexp(—(y —1)g) is the growth-adjusted time discount rate, and the slope

of the Phillips curve equals k = 1?Ta11— f gfﬁ

captures the steady-state elasticity of real marginal cost vs. own-firm output.

The parameter w = (7+n) /(1 —7)

A complementary approach to separate wages from consumption habit would be to
introduce separate habits for consumption and leisure combined with labor market fric-
tions, though matching asset pricing moments can be challenging in such a setup (Uhlig
(2007), Rudebusch and Swanson (2008), Lopez (2014)). Our formulation is more parsi-
monious and requires only one parameter, closely related to the Frisch elasticity of labor
supply, to describe preferences over leisure (x). Because of this parsimony we consider
our model a useful template to study the interaction between labor market frictions and

habits in future research.

3.4 Macroeconomic Equilibrium Dynamics

We first solve for log-linear macroeconomic dynamics, and second for highly nonlinear
asset prices. The tractability of this two step solution method is achieved because the
surplus consumption ratio does not appear directly in the Euler equation or the Phillips
curve, though finance and macroeconomics are connected through habit and consumption
shocks. Equilibrium macroeconomic dynamics are determined by the real rate Euler
equation (27), the log-linearized Phillips curve (29), and the monetary policy rule (21)

through (23). The macroeconomic state vector is:

Y; =[xy, m — v — )], (30)
and the vector of structural shocks is

Uy = [Um,ta Ur,ty UST t5 ULT,t],' (31)

The vector of shocks v, is assumed to be homoskedastic with a time-invariant diagonal
variance-covariance matrix. Further, v; is assumed to be serially uncorrelated and multi-

variate normal. We denote the standard deviations o, o, o0g7, and or7. We solve for a
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minimum state variable equilibrium of the form:
Y, = BY; 1+ Xy, (32)

where B and 3 are [3x 3] and [3x4] matrices, respectively. We solve for the matrix B using
Uhlig (1999) formulation of the Blanchard and Kahn (1980) method. For our estimation,
we choose a monetary policy rule that raises real rates in response to an increase in
inflation (7™ > 1), so there exists a unique equilibrium of the form (32) in which all
eigenvalues of B are less than one in absolute value. However, New Keynesian models
are subject to well-known equilibrium multiplicity issues and equilibria with additional
state variables or sunspots may exist (Cochrane (2011)), and resolving these issues is

beyond this paper.

3.5 Solving for Asset Prices

We use numerical best practices to preserve the full nonlinearity of asset prices (Wachter
(2005)). We use the following recursion to solve for the price-consumption ratio of an

n-period zero-coupon consumption claim:

Pct Ct—i—l Prf—l t+1
S A oLt 33
c, UMY a G (33)

The price-consumption ratio for a claim to aggregate consumption is equal to the infinite

sum of zero-coupon consumption claims:

PtC o0 PCt
P e (34)

The price of the levered equity claim equals P} = §Pf. Leverage hence scales stock
returns roughly proportionally, increasing stock return volatility but leaving the Sharpe
ratio unchanged. We initialize the recursions for real and nominal zero coupon bond

prices:
P, = exp(—r), Pﬁt = exp(—iy). (35)
The n-period zero coupon prices follow the recursions:

Pn,t - Et [Mt+1Pn—l,t+1] ) (36)
Ps,t = E [Mt+1 eXp(_Wt-&-l)Paf—l,t—l-l} : (37)
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Log bond yields for real and nominal zero coupon bonds with maturity n are defined by
Yns = —log (P,) /n and y3, = —log (PS,) /n.

The model generates an intuitive flight-to-safety effect, driving up safe asset prices
and decreasing risky asset prices when surplus consumption is low. To gain intuition, we
solve analytically for the risk premium of a one-period consumption claim. This claim
pays aggregate consumption in period ¢+ 1 and pays nothing in all other periods, thereby
sharing the cyclical properties of stocks but having a shorter horizon. We denote the log
return on the one-period consumption claim by r{,, ;. The risk premium, adjusted for a
standard Jensen’s inequality term, equals the conditional covariance between the negative

log SDF and and log output:

1
E, {Titﬂ - Tt] + §Va7“ (Tit+1> = Covy (—myg1, o) = v (1 + X (s4)) o2 (38)

Equation (38) shows that risk premia are time-varying and increase with the sensitivity
function A(s;). Investors require a higher expected return for holding risky assets when
surplus consumption is highly sensitive to consumption, as is the case when surplus
consumption is low. The relationship between risk premia and surplus consumption has
the reverse sign for safe assets that comove positively with SDF.

We solve for asset prices numerically on a four-dimensional grid consisting of the
macroeconomic state vector ¥; and the surplus consumption ratio s;. [terating along a
grid, as opposed to local approximation or global solution methods, is the best practice for
this type of numerical problem because it imposes the least structure (Wachter (2005)).
By contrast, approximation with polynomials would miss the particularly strong non-
linearity of the sensitivity function as the log surplus consumption ratio becomes small,
distorting numerical asset prices even around the steady-state. Grid iteration is facilitated
in our framework because macroeconomic dynamics are log-linear. For details of the

numerical solution see the Appendix.

3.6 Modeling High-Frequency Asset Prices around Monetary
Policy Announcements
We make the simplifying assumption that FOMC dates occur at the end of the quarter,

so post-FOMC asset prices correspond to end-of-quarter asset prices.!* In order to model

the discrete arrival of news on FOMC dates, we assume that the quarterly fundamental

1 Given that our results are robust to varying the volatility of news released on FOMC dates (Appendix
C.7), modeling FOMC dates as occurring every six weeks is unlikely to change our findings.
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shock vector v; consists of independent pre-FOMC v}"¢ and FOMC v£9¢ components

pre

v = o FOMC

+ v,

The vector of FOMC shocks vf?M¢ is assumed to have a diagonal variance-covariance

FOMC _ () gFOMC _ (j sEOMC FOMC
) T Y

matrix with standard deviations o T < ogr, and o7 p

oLT-

Pre-FOMC asset prices in our model differ from quarter ¢ —1 asset prices because they
also reflect information encoded in v!", which in our application is assumed to include
the full habit and Phillips curve shocks realized in quarter ¢ as well as substantial portions
of the quarter ¢ short-term and long-term monetary policy shocks. We compute quarter ¢
pre-FOMC asset prices at the expected quarter ¢ state vector conditional on information
available at the end of period t—1 and v}"*. We model FOMC announcements as occurring
instantaneously, so no dividends are paid and the aggregate price level is constant during
the short FOMC interval. The model high-frequency log stock return around monetary
policy news then simply equals the post- minus the pre-FOMC log price for the levered
consumption claim. The model high-frequency change in breakeven around monetary
policy news equals post- minus pre-FOMC log 10-year breakeven. For details of model

high-frequency asset price changes see Appendix C.7.

4 Estimated Model

We estimate the model in two steps. In a first step, we set preference parameters, firm
parameters, and monetary policy parameters to standard values from the literature. In a
second step, we use a Simulated Method of Moments (SMM) procedure to estimate the

standard deviations of shocks.

4.1 Calibrated Parameters

Table 1, Panel A lists the calibrated parameters. The consumption growth rate, utility
curvature, steady-state real risk free rate, persistence of surplus consumption, and the
learning-by-doing parameter ¢ responsible for detrending output are taken from Camp-
bell, Pflueger, and Viceira (2020). We choose the preference parameters #; and 6y to
match the macroeconomics literature. We choose 65 = 0.6 in line with the habit param-
eters in Fuhrer (2000), Smets and Wouters (2007), Christiano, Eichenbaum, and Evans
(2005). The parameter 6 is set to ensure that the forward- and backward-looking pa-
rameters in the real rate Euler equation sum to one.

On the firm side, we follow Gali (2008). We set the price-stickiness parameter to
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0.67, meaning that the average price duration is three-quarters. The capital share of
production is set to a standard value of 7 = 1/3. The cross-goods substitutability is set
to 6 = 6, implying a steady-state markup of 20%. The steady-state Frisch elasticity of
labor supply, which in our model equals (X%)_l, is set to one. We set the leverage
parameter to 0.4. We interpret this leverage parameter broadly, to include operational
leverage. The main purpose of this parameter is to match the volatility of equity returns,
while leaving the equity Sharpe ratio unchanged.

We also choose conventional monetary policy parameters. The reaction coefficients for
inflation and output fluctuations are from Taylor (1993) and equal v, = 0.5 and v, = 1.5.
We set the monetary policy smoothing parameter to p' = 0.9 to match the larger root in
interest rates, and p® = 0.34 = 0.68/~ to match the relationship between the frictionless
real rate embedded in growth expectations and the actual real rate from Nakamura and
Steinsson (2018).

4.2 SMM Estimation

Having calibrated this initial set of parameters, we estimate the vector of standard devi-

ations o = [0, 0, 0s7, 07| by minimizing the objective function

A

J(0) = (¥(o) = ) W(¥(0) - D). (39)

Following Christiano, Eichenbaum, and Evans (2005), the vector U collects empirical
macroeconomic impulse responses, and we weight the moments by a diagonal matrix W
with the inverses of the bootstrapped variances along the diagonal. Our sample begins
in 2001Q2, when the relationship between inflation and empirical output gap measures
displays a structural change (Campbell, Pflueger, and Viceira, 2020), and ends in 2019Q2.
The vector W(o) collects the corresponding model moments, obtained by applying the
same procedure to simulated data of the same length. Our moments are from a one lag
VAR in the log output gap, the one-quarter change in inflation, and the difference between
the nominal Federal Funds rate and inflation, thereby respecting the joint unit root in
inflation and nominal interest rates in the model.'? Impulse responses are orthogonalized
so shocks to the Fed Funds rate do not contemporaneously affect inflation or output, and

inflation innovations do not enter into the same period output. This orthogonalization

12Quarterly real GDP, real potential GDP, and the GDP deflator in 2012 chained dollars are from the
FRED database at the St. Louis Federal Reserve. Since output, unlike asset prices, is a flow over a
quarter, it can be treated either as occurring at the beginning or end of a quarter. We follow Campbell
(2003) and align output reported for quarter ¢ with interest rates and stock prices measured at the end
of quarter t — 1. The log output gap is in percent units. We use the Federal Funds rate averaged over
the last week of the quarter from the Federal Reserve’s H.15 publication. Interest rates and inflation are
in annualized percent.
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does not directly identify the structural shocks in our model, and merely defines a unique
set of empirical macroeconomic moments that are comparable to the literature. We
target the output gap, inflation, and Fed Funds rate responses in periods 0, 1, 2 , 4, 8,
and 12 quarters after the initial shock. Since o1 is not well identified from the reduced-
form macroeconomic impulse responses, we additionally target the standard deviation of
quarterly changes in inflation swap rates for 10-year inflation starting 10 years from now,
which we estimate to equal 0.26% over our sample.'® For details of the SMM procedure
see Appendix E.

The estimated standard deviations of shocks are shown in Table 1, Panel B. The
Phillips curve shock is somewhat more volatile than the demand and short-term monetary
policy shocks. The long-term monetary policy shock is the least volatile, and its volatility
of 0.22% closely matches the standard deviation of quarterly changes in 10 on 10-year

breakeven inflation in the model, which equals 0.26% just like in the data.

4.3 Model Fit

4.3.1 Macroeconomic Dynamics

Figure 2 shows that the model matches the empirical volatilities of the output gap,
inflation, and Fed Funds rate, their persistence over time, and their comovements. It is
important to keep in mind that the impulse responses shown in Figure 2 are not structural,
only a statistical decomposition, and that each innovation reflects a combination of the
underlying structural shocks. We turn to structural impulse responses in Section 4.4.1.

Both in the model and in the data the output gap, inflation, and the Federal Funds rate
tend to move together in response to all innovations, with the exception of the interest rate
innovation. The interest rate innovation has a negative but quantitatively small output
gap response both in the model and in the data. The overall positive inflation-output
gap comovement in Figure 2 is consistent with prior literature, which documents that
the output gap-inflation correlation is positive and long-term nominal bonds are hedges
for the post-2001 period (Baele, Bekaert, and Inghelbrecht (2010), Campbell, Sunderam,
Viceira, et al. (2017), Song (2017), Campbell, Pflueger, and Viceira (2020), Gourio and
Ngo (2020)).

4.3.2 Asset Prices

Table 2 shows that our model also generates volatile stock returns with an empirically

plausible equity Sharpe ratio of 0.50, an equity premium of 6.82%, and annualized equity

BInflation swap rates, in annualized percent, are from Bloomberg.
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return volatility of 13.55%. This high stock return volatility is achieved through time-
varying risk premia of the form (38).1% The model fits the negative breakeven beta
with respect to the stock market, which Campbell, Pflueger, and Viceira (2020) argue
is important to generate endogenous flight-to-safety towards nominal bonds when equity
risk premia rise. The real bond-stock beta in the model is slightly positive, compared to
a slightly negative real bond beta in the data. Breakeven excess returns are volatile at
4.76% similarly to the data, and real bond excess returns in the model have substantial
volatility at 1.56%. The empirical volatility of 10-year TIPS excess returns exceeds the
real bond return volatility in the model at 6.82%. However, this empirical volatility
is likely overestimated because TIPS contain large and time-varying liquidity premium
(Gurkaynak, Sack, and Wright (2010), Fleckenstein, Longstaff, and Lustig (2014)).
While the model matches the data well along many dimensions, it misses realized
excess bond returns over our sample period. We face a choice between fitting betas or
term premia and we prefer to fit second moments, which are measured more precisely
over short samples. The fundamental tension between matching a positive term premium
and a negative bond beta is not specific to our model and arises for most single-factor
models. For example, the seminal contribution of Wachter (2005) obtains a positive term
premium from a positive bond-stock beta, which however has turned negative in our more
recent sample. Regime switches in monetary policy can potentially resolve this tension
(Song (2017)), and although exploring them is beyond this current paper the convenient
log-linear macroeconomic dynamics would make our model a tractable building block for

such an analysis.

4.4 Model Drivers

To better understand the model mechanisms, we show impulse responses to the structural
innovations vy ¢, Ury, Vst and viry.
4.4.1 Structural Macroeconomic Responses

Figure 3 confirms that the macroeconomic side of our model behaves like a standard

three-equation New Keynesian model. A habit shock acts as a demand shock and leads

14To compute the empirical asset pricing moments, we use value-weighted combined NYSE/AMEX /-
Nasdaq stock returns including dividends from CRSP. The dividend-price ratio is constructed using data
for real S&P 500 dividends and the S&P 500 real price from Robert Shiller’s website. For both bonds
and stocks, we consider log returns in excess of the log T-bill rate, where the end-of-quarter three-month
T-bill is from the CRSP monthly Treasury risk-free rate file. Log bond returns are derived from changes
in yields in the data. End-of-quarter bond yields for both nominal Treasuries and TIPS are from the
daily zero coupon curves of Giirkaynak, Sack, and Swanson (2005) and Giirkaynak, Sack, and Wright
(2010). All yields and returns are continuously compounded.
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to a temporary increase in output, and a smaller temporary increase in inflation. A
positive Phillips curve shock, due to an increase in markups, leads to a decline in output
and an increase in inflation. A short-term increase in the short-term interest rate causes
a decline in output through consumers’ consumption-savings decision, and lower inflation
through the Phillips curve. Finally, a negative long-term monetary policy shock leads to
a costly disinflation, lowering inflation expectations ahead of nominal interest rates, and
thereby raising the real rate and contracting output. The backward-looking component
in the consumption Euler equation ensures a hump-shaped output gap responses as in
Fuhrer (2000) and Boldrin, Christiano, and Fisher (2001).

4.4.2 Structural Asset Price Responses

Figure 4 shows that the structural impulse responses for stocks and bonds follow natu-
rally from the macroeconomic impulse responses. The first row shows cumulative equity
returns in excess of the steady-state return, and the subsequent rows show yields on
10-year nominal and real bonds. Because bond yields are inversely related to prices, an
increase in the 10-year yield implies a decrease in the corresponding bond price.

Comparing the first rows across Figures 3 and 4 shows that stock prices move in the
same direction as output gap responses, with the overall stock response quantitatively
dominated by time-varying risk premia.'® The second row of Figure 4 shows that long-
term nominal bond yields respond in the same direction as the Federal Funds rate in
Figure 3. The third row of Figure 4 shows that 10-year real bond yields respond in
the same direction as the short-term real rate and are almost exclusively driven by the
risk-neutral component.

The first column of Figure 4 helps understand the habit shock, and shows that it affects
asset prices through both intertemporal substitution and risk aversion. The expected
increase in surplus consumption generates an incentive for intertemporal substitution,
driving down risk-neutral prices of both real bonds and stocks. Because bond yields move
inversely with prices, risk-neutral long-term real bond yields increase. Higher expected
surplus consumption also affects risk premia, because it leads to higher consumption
today through the consumption Euler equation, raising surplus consumption and driving
up stock prices. The risk premium effect dominates the stock price response, whereas
the risk-neutral component dominates the real bond yield response. The demand shock

therefore has the unique ability to drive down the real bond-stock beta towards zero.

15The risk neutral response for all asset prices is computed as if assets were priced by a risk neutral
agent, holding macroeconomic dynamic fixed. The risk premium component is the difference between
the total and the risk neutral responses.
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4.5 Stock Returns around Monetary Policy News

Having seen that time-varying risk premia amplify stock return responses to macroeco-
nomic shocks, we now turn to the implications for high-frequency stock price changes
around monetary policy news. In this section, we first expand on the motivating evi-
dence reported in Figure 1 and then show how the model can account for these empirical
patterns. Appendix F.2 shows that the model matches the comovement between the
short-term policy rate and long-term real bond yields documented by Hanson and Stein
(2015) and Nakamura and Steinsson (2018), in part because the natural real rate moves

together with expected growth through (19) in our model.

4.5.1 Empirical Stocks Returns around Monetary Policy News

In Table 3, we formally establish the empirical relationships described in Figure 1. Col-
umn (1) corresponds to the left panel of Figure 1, and replicates the classic result of
Bernanke and Kuttner (2005). We find that a 25 bps surprise increase in the Federal
Funds rate leads to a one percentage point drop in the stock price on average. Column
(2) mirrors the right panel of Figure 1 and shows that breakeven changes on FOMC
dates have a statistically significant and economically meaningful positive relationship
with stock returns around FOMC announcements. In contrast to column (1), a 25 bps
surprise increase in 10-year breakeven tends to be associated with a 1.5 percentage point
increase in stock returns.'® To establish that FOMC dates reveal separate information
about short-term interest rates and long-term inflation expectations, we report multi-
variate regression results in column (3). Both coefficients are statistically significant and
quantitatively similar to the univariate regressions in columns (1) and (2). Column (4)
further shows that changes in 10-year breakeven, as a proxy for long-term inflation expec-
tations, are uncorrelated with Federal Funds rate surprises around FOMC announcements

over our sample period.

4.5.2 Model Stock Returns around Monetary Policy News

Table 4 shows the corresponding model regressions. We compute high-frequency model

stock returns, short-term interest rate changes, and 10-year breakeven changes using post-

16We collect the release date of FOMC statements from January 1st 2001 until Dec 31st 2019 from the
Federal Reserve’s website. To construct an empirical counterpart to the short-term monetary policy shock
in our model, we collect one-hour changes in Federal Funds rate around scheduled FOMC announcements
from the updated data of Gorodnichenko and Weber (2016), while for the long-term monetary shock
we use one-day changes in zero coupon nominal Treasury yields and TIPS yields are from Giirkaynak,
Sack, and Swanson (2005) and Giirkaynak, Sack, and Wright (2010). We are unable to construct higher
frequency proxies for this shock due to data availability for long-term bond yields. The equity return
outcome variable is measured using S&P 500 returns in the same one-hour windows around FOMC
announcement constructed from Trade and Quote data, accessed through WRDS.
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minus pre-FOMC asset prices to compute, where we split aggregate quarterly shocks
into pre-FOMC and FOMC components as described in Section 3.6. As in the data, we
assume that FOMC date monetary policy shocks represent only a portion of the quarterly
volatility of monetary policy shocks. To match the volatilities of Federal Funds and 10-
year breakeven changes around FOMC dates and their lack of a significant relationship
in our sample, we assume that the FOMC date short-term monetary policy shock has
a standard deviation of o59M = 4.3 bps, the FOMC date long-term monetary policy
shock has a standard deviation of oF@M = 3.3 bps, and the two shocks on FOMC dates
are uncorrelated.!”

Table 4, column (2) shows that the model matches the baseline empirical regression
in Table 3, column (3). Table 4, column (3) replaces the change in 10-year breakeven by
its risk-neutral counterpart. Both regression coefficients remain unchanged, showing that
10-year breakeven changes proxy for a shock to long-term inflation expectations in these
regressions, and therefore capture long-term monetary policy shocks in the model.

In column (4) we highlight the amplification effect from countercyclical risk-aversion,
showing that the model attributes roughly half of the stock market’s response to both
monetary policy shocks to time-varying risk premia. This large risk premium component
for the stock market response to monetary policy news is quantitatively in line with the
empirical decomposition into cash flow news versus discount rate news by Bernanke and
Kuttner (2005).

Why do stock returns move so much in response to short-term monetary policy news?
The macroeconomic and asset pricing responses to a short-term interest rate increase in
Figures 3 and 4 show that such a shock leads to a hump-shaped decrease in output and
consumption. As surplus consumption declines towards habit, investors require higher
compensation for holding risky stocks. The fall in stocks due to lower expected con-
sumption is therefore compounded by risk premia. Because time-varying risk premia in
our model are quantitatively important in equilibrium, they are similarly quantitatively
important around monetary policy news events, helping to explain why stock returns
decrease so much in response to a surprise increase in the Federal Funds rate in the data.

To understand the relationship between high-frequency changes in 10-year breakeven
and stock returns around the FOMC shock in the model, note that Figures 3 and 4
show that long-term monetary policy shocks move long-term inflation expectations and
the output gap in the same direction, but have little immediate impact on short-term
interest rates. The long-term monetary policy shock therefore has the potential to move

stock returns in the same direction as 10-year breakeven around monetary policy news

1"We show in Appendix Figure A1l that the model regression slope coefficients are not sensitive to
varying the volatilities of monetary policy news on FOMC dates.
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events, independently of movements in the short-term nominal rate. As output and
consumption decline, investors become more risk averse, amplifying the fall in stocks
in response to a negative long-term monetary policy shock. In contrast to stocks, the
risk premium component in breakeven is smaller because breakeven returns have a stock
market beta that is much smaller than one in magnitude, and changes in breakeven are
hence closely correlated with long-term monetary policy shocks.'® Appendix Table Al
shows that the results in Table 4 are robust to switching off various model components.

The average model monetary policy effects in Table 4 conceal substantial state-
dependence with respect to the level of surplus consumption. In Figure 5 we estimate the
model high-frequency stock response to monetary policy news separately in ten different
sub-samples, one for each decile of the pre-FOMC surplus consumption ratio. The figure
shows that the overall effect (solid lines) of both long- and short-term monetary policy
shocks increases in magnitude when surplus consumption is low, as would be the case
after a sequence of output declines. Since the macroeconomic consequences of the shocks
reported in Figure 3 are invariant to the level of surplus consumption, the risk neutral
component (dashed lines) is flat. The variation in stock return responses to long- and
short-term monetary policy shocks is driven by more volatile risk premia (dotted lines)
when consumption is low relative to habit. In line with this model prediction, we confirm
that during the height of the financial crisis (defined as October 2008 through December
2009), stock returns on FOMC dates were fifty percent more volatile than in the rest
of our sample even though Federal Funds rate surprises and breakeven changes were no
more volatile.!? The model prediction of greater stock return sensitivity to announce-
ments during recessions is also consistent with the empirical evidence from macroeconomic

announcements by Law, Song, and Yaron (2019).

5 Conclusion

We integrate a small-scale New Keynesian model of monetary policy with countercyclical
risk premia using the habit formation preferences of Campbell and Cochrane (1999) and
Campbell, Pflueger, and Viceira (2020), and apply it to understand asset price move-

ments around monetary policy announcements. The model easily matches the large

18While our results support the notion that FOMC dates reveal news about long-term inflation, we
cannot speak to whether specific tools and or communications move investors’ long-term inflation expec-
tations, which may very well be time-varying (Goodfriend and King (2005)), context-specific (Coibion,
Gorodnichenko, and Weber (2020)), and depend on behavioral channels (Orphanides and Williams
(2004), Gabaix (2019)).

9In Appendix G, we find that the point estimates from our benchmark regression in Table 3 also
increase in magnitude for this crisis subsample, though the coefficients are not statistically significant
due the small number of observations.
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stock return response to traditional monetary policy shocks, but only if stock responses
are amplified by time-varying compensation for risk. Our model attributes the large and
positive empirical relationship between breakeven inflation innovations and stock returns
around monetary policy announcements to correlated news about long-term inflation and
output, supporting the notion that monetary policy announcements reveal news about
the economy in a “Fed information effect”.

Taken together, our analysis suggests that volatile stock returns in lower frequency
data and quantitatively large stock return responses to monetary policy announcements
are internally consistent and two sides of the same coin. This has important implications
for interpreting asset price reactions to monetary policy. Our model suggests that policy
makers, economists, and market observers need to be careful to not extrapolate from
average relationships during crises, as risk bearing capacity and stock markets may react
a lot even to monetary policy announcements with modest real effects.

Our framework is tractable and portable towards broader macroeconomic models. We
anticipate that our framework will be useful to interpret macroeconomic drivers of asset
price fluctuations beyond the channels considered in this basic macroeconomic model,
such as wage rigidities or heterogeneity in price-setting frictions (Weber (2015)). We
also believe that the framework will be useful to understand the role of time-varying
risk premia in other empirical puzzles, such as the empirical finding that equity returns
are typically high prior to FOMC dates (Lucca and Moench (2015), Cieslak, Morse, and
Vissing-Jorgensen (2019), Cieslak and Pang (2019), Laarits (2019)).
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Table 1: Model Parameters

Panel A: Calibrated Parameters

Consumption Growth Rate g 1.89
Utility Curvature y 2.00
Steady-State Riskfree Rate r 0.94

Persistence Surplus Consumption Ratio Oy 0.87

Dependence Output Gap 01 -0.67
Dependence Lagged Output Gap 02 0.60
Capital Share of Production T 0.33
Learning-by-Doing 10) 0.93
Frisch Elasticity X% 1.00
Price Stickiness o} 0.67
Cross-Goods Substitutability 0 6.00
Productivity Growth - Real Rate p* 0.34
Leverage ) 0.40
MP Coefficient Output v 0.50
MP Coefficient Inflation o 1.50
MP Persistence 0 0.90
Panel B: Estimated Parameters
Std. Demand Shock (%) o 0.37
Std. PC Shock (%) o 0.49
Std. Short-Term MP (%) osr  0.37
Std. Long-Term MP (%) oLr 0.22
Panel C: Implied Parameters
Discount Rate I} 0.90
Steady-State Surplus Consumption Ratio S 0.04
Maximum Surplus Consumption Ratio Smaer0.07
Euler Equation Lag Coefficient o 0.37
Euler Equation Forward Coefficient fr 0.63
Euler Equation Real Rate Slope v 0.08
Phillips Curve Lag Coefficient o 0.51
Phillips Curve Forward Coefficient fr 0.49
Phillips Curve Slope K 0.06

Note: Panel A shows the parameters we calibrate following previous
literature, as detailed in Section 4.1. Panel B displays the parameters
we estimate by matching the empirical impulse response functions and
the volatility of long-term breakeven as described in Section 4.2. Panel
C reports moments implied by the other parameters listed above. Con-
sumption growth and the steady-state risk-free rate are in annualized
percent. The discount rate and the persistence of surplus consumption
are annualized. The monetary policy coefficients and the Phillips curve
slope are reported in units corresponding to our empirical variables, i.e.
the log output gap is in percent, and inflation, the Fed Funds rate are
in annualized percent. The implied Euler equation real rate slope is
hence reported as il/) and the implied Phillips curve slope is reported as
4k. We report quarterly standard deviations of shocks to percent out-
put gap, annualized percent inflation, the annualized percent Fed Funds
rate, and the annualized percent long-term monetary policy target.
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Table 2: Asset Prices

Model Data

Stocks

Volatility 13.55 16.96

Equity Premium 6.82 7.41

Sharpe Ratio 0.50  0.44
10Y Breakeven

Volatility 4.76  7.01

Breakeven-Stock Beta  -0.13  -0.23

Excess Returns -0.67  0.55

Sharpe Ratio -0.14  0.08
10Y Real Bonds

Volatility 1.56  6.83

Real Bond-Stock Beta  0.03  -0.08

Excess Returns 0.07 3.76

Sharpe Ratio 0.05  0.55

Note: This table reports the unconditional asset pricing moments
both empirically and in model simulated data. The equity premium is
computed as the quarterly log return on the value-weighted combined
NYSE/AMEX/Nasdaq stock return including dividends from CRSP
in excess of the log 3-month Treasury bill plus one-half times the log
excess return variance to adjust for Jensen’s inequality. Breakeven ex-
cess returns are defined as nominal minus real bond excess returns.
Real bond excess returns are quarterly log returns on 10-year real
Treasury bonds in excess of the log nominal 3-month Treasury bill re-
turn. We compute empirical log returns on the 10-year nominal Trea-
sury bond and inflation-indexed bond (TIPS) from log bond yields:
13, = —(n—1)gS_, +ny and rTIPS = —(n=1)yT PS4y TIPS 4,
We obtain continuously compounded 10-year zero-coupon yields from
Gurkaynak, Sack, and Wright (2007, 2010). We report average ex-
cess real bond and breakeven log returns plus one-half times the log
excess return variance. Excess returns and volatilities are in annual-
ized percent. Our sample period is from 2001Q2 until 2019Q2, except
for TIPS data which begins in 2003Q1. Model moments follows the
same procedures as above on simulated data and are averaged over 2
simulations of length 10000.
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Table 3: Empirical High-Frequency Stock Returns on FOMC Dates

Dependent variable:

S&P 500 Return 10Y Breakeven
(1) (2) (3) (4)
FF Shock —4 .89*** —4.11*** —0.15
(1.64) (1.50) (0.11)
10Y Breakeven 5.90** 5.05*

(2.54)  (2.60)

Constant 0.07 0.06 0.05 0.004
(0.05) (0.06) (0.06) (0.003)

Observations 146 146 146 146

R? 0.08 0.09 0.14 0.03

Adjusted R? 0.07 0.08 0.13 0.03

Note: Columns (1) to (3) show regressions of the form: 7MY = py +

by AFOMCy, 4 bQAFO]V[Cblo_’t + &4. AFOMCinyt is the change in the Federal
Funds rate in the one hour around FOMC announcements and AFOM wa,t
is the daily change in the 10-year breakeven rate, defined as the difference
between 10-year nominal and 10-year real bond yields. We include these
variables separately in columns (1) and (2), and jointly in column (3). The
data on Federal Fund rate surprises is from Gorodnichenko and Weber (2016),
breakeven rate changes are constructed using the data of Giirkaynak, Sack, and
Wright (2007) and Giirkaynak, Sack, and Wright (2010), and one hour S&P
500 returns are from TAQ data. Column (4) reports a regression of the form
AFOMCh, o = by+b AFOMCp, | +&,. Our sample consists of scheduled FOMC
days from January 2001 up to March 2019. Heteroskedasticity adjusted stan-
dard errors are reported in parentheses below the estimates. *p<0.1; **p<0.05;
**p<0.01
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Table 4: Model High-Frequency Stock Returns around Monetary Policy News

Dependent variable:
S&P 500 Return

Data Overall Risk Premium
(1) (2) (3) (4) (5)
FF Shock —4.11"* 527 -5.35 -2.54 -2.58
(1.50)
10Y Breakeven 5.05* 5.89 2.70
(2.50)
10Y Breakeven RN 5.96 2.73

Note: This table compares the asset price reactions around monetary policy
news in the model and in the data. Column (1) repeats the empirical
estimates from Table 3, column (3). Column (2) estimates the analogous
regression on model simulated data, assuming that FOMC dates are subject to
uncorrelated long-term and short-term monetary policy shocks. The standard
deviations of the ST and LT monetary policy shocks on FOMC dates are set
to oEQMC = 4.3bps and e EQMC = 3.3bps to match the volatilities of one-hour
Fed Funds surprises and daily breakeven changes on FOMC dates in the data.
Column (3) uses the risk neutral component of the 10-year breakeven change
on the right-hand-side instead. Columns (4) and (5) report model regressions,
with the component of stock returns due to time-varying risk premia as the
left-hand-side variable. For details of model FOMC asset prices see Section
3.6. Risk neutral asset prices are the asset prices that would obtain under
a risk neutral investor taking macroeconomic dynamics as given. The risk
premium component of stock returns is the difference between the overall
return minus the risk neutral return. Heteroskedasticity adjusted standard
errors are reported in parentheses below the empirical estimates. *p<0.1;
**p<0.05; ***p<0.01
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Panel A: Stocks and the Federal Funds Rate

Figure 1: Stocks and Bonds on FOMC Dates

Panel B: Stocks and Breakeven Inflation

S&P One Hour Return
o

-0.2 -0.1 0.0

S&P Return

0.1 -0.15

FF Rate One Hour Surprise

-0.10

-0.05 0.00 0.05
10Y Breakeven Change

Note: Panel A shows the relationship of Federal Funds rates surprises in an hourly window around FOMC announcements from Gorodnichenko and Weber
(2016) and S&P 500 returns in the same window constructed from TAQ data, where each data point corresponds to a FOMC meeting. Panel B shows
the relationship of the daily change in 10-year breakeven inflation rates and daily S&P 500 returns where again each data point corresponds to a FOMC
meeting. The breakeven rate is the difference between the 10-year nominal Treasury yield and 10-year TIPS yield from Giirkaynak, Sack, and Wright
(2007, 2010). The green lines are linear regression best fit lines. The sample of scheduled FOMC days is from the start of 2001 until end of 2019. For
Panels B and C, the data begins from the start of 2003 since this is when the TIPS data start.
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Figure 2: Reduced Form Macro Impulse Responses
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Note: This figure shows macroeconomic impulse responses to reduced-form output gap, inflation, and Federal Funds rate innovations in the model and
in the data. The estimation of impulse responses is identical on actual and simulated data and is described in detail in Section 4.2. All impulses are
one-standard deviation shocks and are orthogonalized so innovations to the Fed Funds rate do not contemporaneously affect inflation or the output gap,
and inflation innovations do not enter into the same period output gap. The first row shows the response of output in percent, the second row shows the
response of inflation in annualized percent. The third row shows the response of the Federal Funds rate in annualized percent. The horizontal axis of each
panel shows the number of quarters after the shock.
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Figure 3: Structural Macro Impulse Responses
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Note: Each column of this figure shows the macroeconomic impulse responses to one of the structural shocks, namely the demand shock, the Phillips
Curve (PC) shock, the short-term monetary policy shock, and the long-term monetary policy shock. All impulses are one-standard deviation shocks. The
first row shows the response of the output gap in percent, the second row shows the response of inflation in annualized percent. The third row shows the
response of the Federal Funds rate in annualized percent. The horizontal axis of each panel shows the number of quarters after the shock.
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Figure 4: Structural Asset Price Impulse Responses
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Note: Each column of this figure shows the impulse responses of asset prices to one of the structural shocks, namely the demand shock, the Phillips Curve
(PC) shock, the short-term monetary policy shock, and the long-term monetary policy shock. All impulses are one-standard deviation shocks. The first
row shows the response of unexpected equity returns in percent, the second row shows the response of nominal yield in annualized percent. The third row
shows the response of the real yield in annualized percent. The horizontal axis of each panel shows the number of quarters after the shock. Responses are
decomposed into the risk neutral component, which is computed as if assets were priced by a risk neutral agent, and the risk premium component. The
risk neutral and risk premium components add up to the total response. Unexpected equity returns are computed subtracting from each quarter’s return
the steady state equity return in the absence of shocks.



Figure 5: State-Dependence of Model High-Frequency Stock Returns
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Note: This figure shows model regressions of the same form as in Tables 3 and 4 conditional on the
model surplus consumption ratio: rf’FOMC = by + b AFOMCy, +b2AFOMCb10’t +¢¢. The left panel plots
the coefficient b; on the y-axis against surplus consumption deciles on the x-axis. The right panel plots
the coefficient by against surplus consumption deciles on the x-axis. AFOMC is the change in the short

term interest rate around the FOMC date, AFOM Cbloyt is the change in the breakeven rate around in

the same time period and rf FOME 56 the equity return. The simulated data is split into ten sub samples

according to the deciles of the surplus consumption ration § so a lower decile corresponds higher effective
risk aversion. We plot the coefficients obtained by running the regression separately within each of these
ten subsamples. Solid lines use overall equity returns as the left-hand-side variable, dashed lines use risk
neutral stock returns, and dotted lines use the risk premium component of stock returns. Risk neutral
and risk premium coefficients add up to the overall coefficient. For details of model FOMC asset prices
see Section 3.6 and for details of the decomposition into risk neutral and risk premium returns see Table
4. The results are obtained by averaging over 5 model simulations of length 30000.
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A Loglinear habit dynamics around steady state

This section derives the loglinear dynamics of the habit stock using a first order approx-
imation around the steady state S; = S. We write log habit h; as a distributed lag of
moments of consumption, the habit shock e, and the output gap, which also equals
the deviation of log consumption from the frictionless level. This loglinear expansion
therefore implies that we can broadly view habit as a function of (lags of) consumption
moments, and the shock €;,, which for this reason we refer to as a “habit shock”.

In the paper, we model how habit adjusts to consumption implicitly by modeling
the evolution of the log surplus consumption ratio. In order to solve for log habit we
need an approximate relation between log habit, log consumption, and the log surplus
consumption ratio. Defining §; = s, — 5, we develop a first-order Taylor expansion of §;
in terms of ¢; — h;. We take the first derivative of §; with respect to ¢; — hy:

d(ctdit ) d(ci i) <10g (1 —eap(—(c — ht)))) | (A1)

S
S el"p(—(Cj — ) (A2)
5 )

1 —exp(—(c; — hy))

_ _(1_;), (A3)

so at the steady state this first derivative equals:

- -(1-%) (Ad)

ds;
d(Ct — ht)

S=S

The first order Taylor expansion for §; in terms of ¢; — h; around the steady-state therefore
equals (up to constant):

X 1
St = <1 — S) (ht — Ct) s (A5)

or
he ~ o+ —tr (AG)

1—

Wl

The relation (A6) is approximate rather than exact because we ignore second- and
higher-order terms in (¢; — hy). Further approximating A(s;) &~ A(5) = % —1, the approx-
imate dynamics for §; near the steady state are given by:

1
Si01 =~ 008 + 01y + Oy + 54 + <S - 1) Eet+1- (A7)



Combining (A6) with (A7) gives the approximate dynamics for log habit:

r
hiv1 =~ ¢+ [ 1 St+1s (A8)
-3
1 1
~  Ciy1 + — 1 (egSt + 91xt + 9233,5 1+ Esit + (S 1) Ec,t—i-l) s (Ag)
0 0 1
R Cip1 — Ectr1l T 6o (ht - Ct) - 1711% - 1721%4 - 17153 ts (AlO)
5 S S
Orxy + Oy 1
~ Hoht + (1 — 90)6t + EtACtJrl _ A tl 21 =1 1 1537,5, (All)
s S

where we use Ac;11 = ¢i41 — ¢ to denote the change in log consumption from time ¢ to
time t + 1. We now iterate (A11) to obtain:

> 1 Orxi—; + Ooxp
ht+1 ~ Z% ( 1— 60 Ct j + Et JACt j+1 — 71887157]' _ ]l _21 = 1>(A12)
S S
~ (]_ — 90) Z QéCt_j + ZQ%Et_jAct_jH -1 Z 05875 - T I ! t (A13)
J=0 J=0 5‘ Jj=0 5‘
b +0
071_ = 290$t i (A14)

The expansion (A14) shows that approximate log habit depends on lagged moments of
consumption, the output gap, and the habit shock. The resource constraint implies that
output equals consumption, so the output gap equals the deviation of log consumption
relative to a frictionless level.

In order to understand the compounded dependence of habit on the first and second
lags of consumption, we substitute in for x; from equation (25) in the main paper:

o o 1
hipr & (1=00) > Ogcj + > OGE—jAc i1 — (A15)
j=0 j=0 5 =
0 - o
-1 . 1 ( Ct — (1 - ¢> Z Prer—1—i — ZgblAat_i) (A16)
S i=0 i=0
0t + o i —
T Z 0 (Ct—j—l —(1=9)Y dajoi—> ¢ Aat—i—l) (A17)
5 i=0 i=0

The Campbell and Cochrane (1999) case corresponds to ¢; = 2 = 0 and constant
expected consumption growth. In that case, expression (A17) shows that log habit is
approximately an exponentially-weighted moving average of lagged log consumption with
exponential parameter 6.

Our estimated model has ; < 0 and 65 > 0, which allows us to generate hump-shaped
output responses to monetary policy shocks that have been documented in macroeco-
nomic data. Because 1 — > 0 and 1 — ¢ is close to zero, a negative value for 6, raises

the sensitivity of habit to the first two lags of consumption, while a positive value for 6,
lowers the sensitivity of habit with respect to the second lag of consumption. Our model



uses —0; > 0, and 6,(1 — ¢) — (661 + 02) = 0 (which is the condition ensuring that the
forward- and backward-looking coefficients in the log-linear macro Euler equation sum to
one). Equation (A17) then implies that habit loads more on the first lag of consumption
than in the Campbell-Cochrane case, but the loading onto the second consumption lag
is unchanged.

B Proof of Phillips Curve

The derivation of the log-linearized Phillips curve is tedious, but almost all the steps in
our derivation are standard. Our asset pricing habit preferences potentially enter in two
places. This section shows that the log-linearized Phillips curve is invariant to both of
these channels for the following two reasons:

1. Firms’ real marginal cost depends on the real wage, which depends on preferences.
The log-linearized Phillips curve is invariant to this channel, because we separate
the intertemporal consumption-savings decision and the intratemporal labor-leisure
choice as in Greenwood, Hercowitz, and Huffman (1988). We therefore obtain a
standard functional form for log-linearized real marginal cost that does not depend
on habit or surplus consumption.

2. The SDF enters into firms’ first-order condition for the optimal price-setting deci-
sion. The log-linearized Phillips curve is invariant to this channel, because up to
first-order our SDF is standard and second-order terms drop out of the log-linearized
first-order condition, leading to a standard log-linearized Phillips curve.

We log linearize inflation around its random walk component v; and output and labor
around the steady-state with Y; = A,L'~" and L the labor supply consistent with steady-
state markups when prices are flexible. We use bars to denote steady-state values and
hats to denote log deviations from this steady-state. We use lower-case letters to denote
logs.

B.1 Marginal Cost of Production and Steady-State

The New Keynesian Phillips curve links inflation to the marginal cost of production. By
linking the marginal cost of production to the output gap, one then obtains a relationship
between inflation and output. It is therefore important to check that our asset pricing
preferences give rise to a standard log-linearized expression for the real marginal cost of
producing another unit of output. In this section, we show that log deviation of marginal
cost from steady-state takes the form:

mci,t = aofli — m (pi,t - pt) ) (A18)

i.e. it increases in the log deviation of output from the steady state, and decreases in the
log own-firm price deviation from the log aggregate price level where both ay and a; are
positive constants.



The labor-leisure trade-off implies that the real wage paid by firms producing good i

equals:
dU dUu
Wi = |— = A, (1 —L; ;). Al
3t <d0t> / (sz,t) t ( l,t) ( 9)

The total cost of producing a quantity Y;, of good ¢ equals:

Y10 (A

COSt(X/Z‘7t) = Wi7t <14t

Taking the derivative with respect to Y;, gives the marginal cost of supplying good :

1 Wiy (th>1TT
1—7 At At ’

1 Yit /=m)\ 7X Yis =
— 1 — i J . A22
1—7’( <At> (At> ( )

Note that here we have assumed that the producer is a wage taker following Woodford

(2003, p.148). We define the steady-state labor supply L to be the amount of labor

supplied if markups are equal to the steady-state value pu = 1’%9, and all firms charge the

same price. From (A22), we see that L must be the solution to

MC(Yi) (A21)

it o= 11 (1-L) L. (A23)

-7

We log-linearize around the steady-state output:
Y, = AL (A24)
Log-linearizing the real wage around the flexible-wage steady-state gives:
L .
—l; 4, A25
i, (A25)

= nliy, (A26)

Wiz = X

where n = X% is the inverse of the steady-state Frisch elasticity of labor supply.
The elasticity of real marginal cost with respect to own-firm output near the steady-
state equals:

dMClt Y;t T n
: : = A27
dYi, MC;, [ — (A27)

= w. (A28)

Using 6 to denote the steady-state value of #;, we then approximate firm ¢’s deviation of



marginal cost from ™! log-linearly:

mci; = log(MCyy) —log (i),
w@mt, (A29)
= wi — WQ(Pz’,t - pt)a (A30)

In the last step, we have used the demand function (15), log-linearized around the steady-
state elasticity of substitution 6, to substitute §;; — 9: = 0 (p;x — pr). We hence obtain
the functional form (A18) with ag = w and a; = wb.

We can compare (A30) to the log real marginal cost obtained with standard prefer-
ences (e.g. Woodford, 2003), where the real wage is given by

n
Li,t

Wt Ct_»y )

(A31)

where 7 is the inverse of the Frisch elasticity of labor supply and 7 is risk aversion. This
expression is log-linearized to

Wiy = 7@t+77ii,t~ (A32)

If instead, the log-linearized real wage took the form (A32), we would obtain the
following log-linearized expression for the real marginal cost:

meiy = (w+7) 39— wl(piy — pr), (A33)

ie. ap = w+ v and a; = wh. Comparing expressions (A30) and (A33) shows that the
log-linearized real wage in our model takes the same functional form as under standard
preferences, which is why the log-linearized Phillips curve will also take the same form.

B.2 Discount Factor for Phillips Curve

We now derive the first-order approximation of the stochastic discount factor, which is
needed for the derivation of the log-linearized Phillips curve. We show that because
the first-order approximation of our stochastic discount factor is standard, our asset
pricing preferences do not affect the log-linearized Phillips curve. In the steady-state, log
consumption grows at rate g and s; is constant at s. The steady-state SDF for discounting
time t + j real cash flows at time ¢ takes the standard form:

Mvj = Fexp(—7gj). (A34)
We denote log deviation of the SDF from this steady-state:
Mig; = log (Mt,t+j/Mt,t+j> : (A35)

We will see that 772,,1; drops out of the log-linearized price-setting first-order condition,
which is why we can apply all the standard tools for deriving the log-linearized Phillips
curve.



B.3 Price Level Law of Motion

The price level law of motion is standard. Because we have a unit root in inflation, we
are careful to follow Cogley and Sbordone (2008) in log-linearizing inflation around its
random-walk trend v;. Log deviations in inflation from steady-state are defined as

ﬁ't = T — ’U: (A36)
and we log-linearize around 7; = 0.

Since the probability of being able to adjust the price-level is independent and equal
across firms, each firm that has the chance to re-set its price at time ¢t chooses the same
price P;. The law of motion for the price level is

— (6

—(6i-1) P\ @Y = (6,—1)

P, = « PtilP + (1 — &)Pt . (A37)
t—2

Dividing (A37) by Pf(eﬁl) gives

1 = aexp((0y — 1) (7 — Ty +vrry)) + (1 — @) ( (A38)

Using p; to denote log deviations of % from one, the log-linearized law of motion becomes:

- Q o N
pe = 74 (Fte — 1 +vrmy) - (A39)

B.4 Price-Setting First-Order Condition

The firm’s first-order condition for optimal price-setting is standard and follows Walsh
(2017) while adding markup shocks and price indexing as in Cogley and Sbordone (2008)
and Smets and Wouters (2007). A firm that re-sets its price at time ¢ and does not get
to re-set again during the next j periods indexes its price to the aggregate price increase
from time ¢t — 1 to t — 1 4 j as in Smets and Wouters (2007). This means that such a
firm has time t 4 j price:

B (Progi/Fiea) - (A40)

A firm that has the opportunity to re-set prices at time ¢ chooses P, to maximize expected
discounted profits conditional on the price still being in place:

~ 1—04 5
e . Pt Pt—l—‘r‘/Pt—l A Cost (}/it_i'_‘)
E E IMypiVogi | | = —2—— — A41
mfgx tj:oa B ((Pt Pt—&-j/Pt Yiij ( )



the first-order condition:

B X Poyyy/Py )
*E IM, . . Yo (0, — 1) =2 =0
2 tjz:;)a tt+j t+]< t+j )( Pt—i—j/Pt
0 ) P, . P, t+j
= B> &My Viiibsy, <tPl“/P“> MCi . (A42)
j=0 1+5/ P

B.5 Log-Linearization

We now log-linearize the first-order condition (A42) following the steps outlined in Walsh
(2017), Chapter 8.7. In the flexible-price equilibrium with 6, at its steady-state value 6,

all firms charge the same price so MC = ! = %. Denoting the log of steady-state
output by 7; = log Y; we have that

gt—i—l -y = Nep1 — Ny + Aat+1, (A43)

= v+ (1 - (b)(l - T)lt + Aat+1, (A44)

= g+ (1 —¢)0 + Aayy, (A45)

where the relationship between the steady-state growth rate g, v, and ¢ is given by

g = v+ (1—-9¢)(1 -7 (A46)
To save on notation, we define:

By = Pexp(—(y—1)g) (A47)

and

The log-linear expansion for the left-hand-side of (A42) conditional on Y; becomes:

o0

(L+50) B [(Bye) Yol + ey (1 + (s — 50— 9)) (1 + 1) (014 6ra5) — 1) %

=0
(14 (1= 00+ Ougy)) (1 — gy + (L + -+ 0]

(A49)
Dropping second-order terms and collecting terms that are independent of j gives
Yi(0-1) , Y0~ 1)
1 — By 1 — By
+Yi(0 - 1), i} (Byr)’ (?Jtﬂ‘ + (G = e = 9) + Mgy + Beys + (1= 0) (7 — 7ATt+j)) :
" (A50)



Next, we approximate the right-hand-side of (A42) log-linearly. This gives

o0

E). {(5904)j V(1 + D) (L4 Gerg — G — 9)) (14 1hygsy) O(1 + ét+j)><

J=0

(1= 001+ 00sy) (70— Feej + (0Fh + .+ o)) MC(1+ eyy)| . (ABD)

Next, we use §MC = 0 — 1, note that Ew/, = 0 for k > 0, substitute in (A30), and
drop second-order terms:

m + Y3 (60 — 1)Et§% (Byar)’ (ﬂtﬂ' + (Jeaj — Ye — 9) + Mgy + étﬂ')
- DE, i (B0 (0 (71 — Fu4y) + Tituss) (A52)
iz
= }f(_ggg;) +Yi(6 - UEtji) (Byar)’ (?Jtﬂ‘ + Yers — Y — 9) + Mgy + ét+j)
0~ DES (Ba)’ (<0 (e = ) + cae)
iz
—a (Ytlw_l)ﬁt +Yi(0 - 1)E i (Bgcr) (7 — ﬁt+j)> : (A53)
— B,a =

Equating (A50) and (A53), cancelling common terms, and dividing by Y;(6 — 1) gives

e , >
e (2 B S e )

= E > (Bya) (aofrss + fiers) » (A54)
=0

where the log deviation of the markup from steady-state is given by

A dtesj fevs 5 L5 mY’
Pevj = th: 9t+j~ O = ﬁetﬂ = (1= 1) Oy (A55)

Note in particular that 1, ; drops out of (A54). Because this is the main place where
we differ from the standard New Keynesian model, this makes clear that our asset pricing
preferences drop out of the log-linearized optimal price-setting decision.



B.6 Substituting out p;

Next, we follow a number of standard steps (e.g. Walsh (2017)) to solve for 7;. From
equation (A54) we have:

~ R o . Qa 5 . _I,_ iy . R
ygs +m = 1 - ﬁga Z ] (M + 7Tt+j> y <A56)
20 +ax
- Byox , .
T i agl (ao®e + fie) + (1 — Bya) 7y
o . Qa 5 . + Iy . R
+B,0(1 — Bp0) B Y (Byar)) | I TR gy
=0 1+ aq
1 - By . - A
= Txa (aoyt + ) + (1 = Bga)fte + BBy (Pren + i) (A5T)

This equation relates the optimal relative price to the current-period marginal cost,
current-period optimal markup, and the next-period expected optimal relative price.
Subtracting 7; from both sides gives

1— B«

be = 77 ; (aofr + fie) — Byrity + BeaByTrosy + BgaEyPra. (A58)
1

Substituting in the log-linearized law of motion for inflation (A39) and multiplying by

1 < gives

l—al—PFa, . .
(ﬂ't—ﬂ't 1+UtLT) = o 1+; (aoyt—l—,ut) —ﬁgﬁt+ﬁgEt7Tt+1 (A59)
1

Solving for 7; gives the New Keynesian Phillips Curve (ignoring constants)

A Bg A 1 N N K 1 LT
T, = ——FE7 + —m + Ry + — il — v A60
t 1+69tt+1 1+6gt1 Yt aout 1+5gt ( )

where the Phillips curve slope coefficient on g; equals

1 1-a
= 1- . A61
146, « (1= Fye) 14+ a (A61)
Finally, we use that (up to a constant)
R 1
e = 1— 059,t (A62)
Ty = gt? (A63)
a = w, (A64)
a; = wb, (A65)

and add the unit root component v; to both sides of (A60) to obtain the log-linearized
New Keynesian Phillips curve (29) in the main paper.
Note that the Phillips curve slope & is identical to Woodford(1999, p.342) with three



exceptions. First, § is replaced by [, because we have equilibrium growth in our model.
1

Second, the factor 5, is new. This is due to indexing. Third, ag = w, whereas in
Woodford (2003) the sensitivity of marginal cost with respect to aggregate log output
is w + 7. This is due to our separation between the intertemporal consumption-savings
trade-off and the intratemporal labor-leisure trade-off as in Greenwood, Hercowitz, and
Huffman (1988). However, (Woodford (2003, p.341)) estimates a very small value for the
curvature parameter from macroeconomic data of v = 0.16, so the log-linearized Phillips
curve in our model is not only qualitatively but also quantitatively in line with this prior

work.

C Model Solution

C.1 Output gap and consumption relationships

With the assumption on the evolution of human capital (18), we can iterate to obtain

ng = V+My_1+ (1 - gb)(l - T)lt_l, (A66)
= V+n_ 1+( — )(yt 1 — Q¢— 1) (A67)
= ﬂ +( Z¢ Ye1-j — Qp—1—j) - (A68)

The deviation of output from the flexible-price equilibrium then equals (up to a constant):

Ty = Y — Nyt — Gy, (A69)
= y—1=0)> ¢ (y-1-j — @-1-5) — ay, (A70)
i=0
= Ct— (1 — ¢) Z ¢th,1,]’ — Z WAat,j, (A?l)
§j=0 j=0

i.e. equation (25) in the main paper. Because Aa; is stationary and the geometric series
¢’ has a finite sum, the deviation between the output gap z; and stochastically detrended
consumption is stationary. Consumption growth then takes the following simple form (up
to a constant):

ACt+1 = iL't+1 + Z ¢ Aatﬂ ] Z @jACLt ] (A72)
j=0 j=0
= T41 — le’t -+ Aatﬂ, (A73)

i.e. equation (26) in the main paper.
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C.2 Deriving the macro Euler equation

With the updating equation for log consumption growth (A73), the asset pricing Euler
equation for the one-period real risk-free rate is given by:

2
Ty = ’YEtACH»l + ’}/EtAgtJrl — % (1 + )\(St))2 0'3, (A74)

2

= YEAci + (00 — 1)8 + vy + Y01 + e — % (14 )\(st))2 03, (A75)

2

5 (14 A(sy))* o2

= YAap1 + VE w1 — yodx + (00 — 1)5 + vy + y020 1 + vEsy —

The sensitivity function has just the right form so that surplus consumption §; drops out
and (up to a constant):

re = YAa1 + VB — yox + 013 + 021 + YEsy (A76)

Rearranging and continuing to ignore constants gives:

0, 1 1
= E — 1 — —— (1, — YA ——=¢eqy. (AT7
Xy o— 0 txt+l+¢_01xt1 7(¢_61)(Tt Y @t+l)+¢_915,t ( )
With the definition of the growth frictionless rate (20), this gives the log-linear Euler
equation (27) in the main paper. Note that we have not made any approximations in the
derivation of (27).

C.3 Solving for macroeconomic dynamics

We want to find a solution of the form
Y, = BY,_1+ X, (AT78)

where the matrix B is [3 x 3|, the matrix ¥ is [3 x 4], and the state vector Y; is defined
in equation (30) in the main paper. Throughout, we use ¥, to denote the (diagonal)
variance-covariance matrix of the vector of shocks, v;. Substituting in for predictable
productivity growth from equation (19) in main paper into (A77), We collect the log-
linear equations describing the macroeconomic equilibrium dynamics:

vy = [TExi +p ey — U (re — yp're — vesy), (A79)
T = [TEm 4 p o1+ KTyt Uny, (A80)
i = Y+ (L ="y, (A81)
i = plia+ (1= p")if + vst, (A82)
vf = vl turme (A83)
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Writing this in terms of the elements of Y; and using that v, = ye,, gives

Yie = ffEYim+pYie — (1 —9p*) (Yar — EYoy1) + Upy, (A84)
Yo = [TEYou1 4+ p Yor1 +KY 14+ Vs — p VLT, (A85)
Ys; = p'Yse 0+ (1—=p") (v"Yie +7"Yor) + vsr — p'vLmy, (A86)
v = v, + oL (A87)
The same thing in matrix form:
0 = FEY, 1 +GY,+HY,_ + Mu,
where the matrices F';, G and H are given by
ST (=) 0
F = 0 fr 01,
| 0 0 0
-1 0 (1 —p")
G = K -1 0 ,
L (T=p )" (A =p' )" -1
[ p* 0 0
H = 0 p7 O
L0 0 pf
The matrix M is [3 x 4] and equals:
100 O
M = 01 0 —p~ (A88)
001 —p

Following Uhlig (1999), we solve for the generalized eigenvectors and eigenvalues of
the matrix = with respect to the matrix A, where

_  [-G -H

=[], )
[ F o

s- (B 0

To obtain a solution, we then pick three generalized eigenvalues i, Ag, A3 with gen-
eralized eigenvectors [A2}, 21]', [Ma2h, 22]’, and [A324, 25]". We denote the diagonal matrix
of these eigenvalues by A = diag (A1, A2, A3), and the matrix of the lower [3 x 1] portion
of the eigenvectors by Q = [21, 22, z3]. The corresponding solutions for B and ¥ are then
given by:

B = QAQ, (A91)
Y = [FB+G] ' M. (A92)

12



In our empirical application, there exist exactly three generalized eigenvalues with abso-
lute value less than one, and we pick the non-explosive solution corresponding to these
three eigenvalues.

C.4 Rotated state vector

Our state space for solving for asset prices is five-dimensional: It consists of Z;, which
a scaled version of Y;, the surplus consumption ratio relative to steady-state §;, and the
lagged output gap x;_;. The lagged output gap x; 1 is not actually needed as a state
variable and we have verified that our numerical solutions for asset prices do not vary
with x;_;. Our code includes x;_; as a state variable for legacy reasons.

We next describe the definition of Z;. To simplify the numerical implementation of
the asset pricing recursions, we require that shocks to the scaled state vector Z, are
independent standard normal and that the first dimension of the scaled state vector is
perfectly correlated with output gap innovations. This rotation facilitates the numerical
analysis, because it is easier to integrate over independent random variables. Aligning the
first dimension of the scaled state vector with output gap innovations (and hence surplus
consumption innovations) helps, because it allows us to use a finer grid to integrate
numerically over this crucial dimension over which asset prices are most non-linear.

If the scaled state vector equals Z; = AY, for some invertible matrix A, the dynamics
of Z, are given by:

Z, = AY,, (A93)

Z,1 = ABA'Z, + AXv,... A94

t+1 ~ t t+1 ( )
€t41

We hence want a matrix, A, such that

Var (es1) = ASSSA, (A95)
100

= [010]. (A96)
00 1

Finding such a matrix A should in general be possible, because the matrix M and there-
fore ¥32,% hence generally have rank three. We require that the first dimension of €4
is perfectly correlated with the consumption shock. We can therefore find the three rows
of A using the following steps:

— €1
1. Set Al = \/m.

2. We use the MATLAB function null to compute the null space of A;X3,%'. Let no
denote the first vector in null (A;X3,%’). We then define the second row of A as
the normalized version of ns:

na

Ay = "2 (A97)

\/ 22X, 3k,

13



3. Let ng denote the first vector in null (A;3X%,3, A,33,%"). We then define the third
row of A as the normalized version of ns:

ng

Ay = B (A98)

S8, S

It is then straightforward to verify that equation (A96) holds for

A= | 4| (A99)

C.5 Asset pricing recursions

Before deriving the recursions for the numerical asset pricing computations, we derive
a convenient form for the dynamics of the log surplus consumption ratio. We use e; to
denote a row vector with 1 in position ¢ and zeros elsewhere. The matrix

denotes the loading of consumption innovations onto the vector of shocks v;, where e; is
a basis vector with a one in the first position and zeros everywhere else. The volatility
of consumption surprises equals:

ol = YuX,S. (A101)

To simplify notation, we define §; as the log deviation of surplus consumption from its
steady state. The dynamics of §; are:

St = St — 5, (A102)
§t = 90§t_1 + 9133,5_1 + 9237,5_2 + Est—1 + )\(ét—l)gc,ta (A103)

where with an abuse of notation we write:

M) = Aoyl =28 1,8 < Smaz — 5, (A104)
3) = 0,8 > Spax — 5. (A105)

Ao = —. (A106)

In our calculations of asset prices, we repeatedly substitute out expected log SDF
growth, which equals:

Et [mt+1] = lOgﬁ — 7EtA§t+1 — ")/EtACt+1, (A107)
= - %(1 — 00)(1 — 25,). (A108)
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We often combine this with r, = 7 + (e3 — €2 B)Z; and 7y = (e3 — 2 B) Z;.
Including the constant, consumption growth is given by:

Aciy = g+ T — Oxy + Aayy, (A109)
= g+ Ty — d)flft + paﬁ. (A].]_O)

The steady state real short-term interest rate at x; = 0 and s; = § is the same as in
Campbell and Cochrane (1999):

_ 1 -
o= yg-— 57203/52 — log(B). (A111)

The updating rule for the log surplus consumption ratio can then be written in terms
of the state variables as:

Si41 = S+ EiAS + AM8)ec i, (A112)
1
= §t — EtAét+1 + 5 <10gﬂ + ft +7r 4 %(1 - 90)(1 — 2§t>) + )\(§t)6c,t+{A]-13)

1 - .
= 608 + S (e3 —exB) AT Z, — ey [B — ¢I) A Z, — pFy + M(3)ecirn, (A114)

1 ~ -
= 00§t + ;(1 - ’}/pa) (63 — 62B) A_IZt — €1 [B - ¢I] A_IZt + A<§t)€c,t+(lA]-15)

C.5.1 Recursion for zero-coupon consumption claims

We now derive the recursion for zero-coupon consumption claims in terms of state vari-
ables Zt, $; and z;_;1. Let P¢,/C; denote the price-dividend ratio of a zero-coupon claim
on consumption at time ¢t + n. The outline of our strategy here is that we first derive an
analytic expression for the price-dividend ratio for Pf,/C;. For n > 1 we guess and verify
recursively that there exists a function Fn(Zt, 84, x4—1), such that

B
Cy

= Fu(Z,5020). (A116)

The ex-dividend price-consumption ratio for a claim to all future consumption is then
given by

P,

o - F(Zy3,301), (A117)
where we define
F(Zt,gt,xt,l) = f:Fn (Zt,gt,zt,l). (A118)
n=1

We now derive the recursion of zero-coupon consumption claims in terms of state
variables Z; and §;. The one-period zero coupon price-consumption ratio solves:

C

Plt
o — E
C, ¢

Mi41Cra

All
s (A119)
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We simplify

Mt+lCt+1

c = fexp (Eymy + EyAciy — v(3i1 — Eisen) — (v — ) (ce1 — Erc)) -
t

Using the notation f,, = log(F},), this gives the log one-period price-consumption ratio
as:

fi (Zm §t71’t—1) = —Try— %(1 —00)(1 —25;) + g + Aary1 + Erxgp — oy
1 .
+5 (VG + (v = 1) a2, (A120)

= gt alB-ll A" Z + L (AE) + (3~ 1)) o

—F = (L= p") (es — exB) A" Zs = (1= 0) (1 — 23,) (A121)

Next, we solve for f,, n > 2 iteratively. Note that:

P, M1 Cra Pi1ina {MtHCtH . R }
nt_— g : =K | ————Fh1 (Z4y1, : A192
C't t [ Ct Ct+1 t Ct 1 ( t+1, St+1 :Bt) ( )

This gives the following expression for f,:

fn(Zt; 8;,7—1) = log [Et [exp (g +e1[B — ¢I]A712t
—F— (1= p%)(e3 — e2B)A'Z, — %(1 — 0)(1 — 23,)
—(Y(IT+ A(31)) — D)ocer e

+fn—1<Zt+1; 841, TAt))H . (A123)

Here, €441 denotes the first dimension of the shock €.

C.5.2 Recursion for zero-coupon bond prices

We use Pf’t and P, ; to denote the prices of nominal and real n-period zero-coupon bonds.
The strategy is to develop analytic expressions for one- and two-period bond prices. We
then guess and verify recursively that the prices of real and nominal zero-coupon bonds
with maturity n > 2 can be written in the following form:

Pn,t - Bn(Zt7 §t7 xtfl)u (A124)
Pit = exp(—n])B3(Z,, 5, 41), (A125)
where Bn(Zt, 84, ;_1) and BE(Z, 8, x¢—1) are functions of the state variables. As dis-
cussed in the main paper, we assume that the short-term nominal interest rate contains

no risk premium, so the one-period log nominal interest rate equals 7, = r, + Fymiqq.
Taking account of the constants, one-period bond prices equal:

Py, = exp(—Ys; —v; —7), (A126)
Py = exp(—Ys; +EYo — 7). (A127)
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We next solve for longer-term bond prices including risk premia. Substituting in
(A126) into the bond-pricing recursion gives:

Py = Ei|[Mia Pl exp(—vfy — Yaur)) (A128)
= Et {Mt—&-l eXp(—Y},,tH - 2U:+1 - }/2,t+1 - 77)} . (A].29)

We can now verify that the two-period nominal bond price takes the form (A125):

Bg(Z, 5, =’Ut—1) = €Xp (Et (mt+1 - Y3,t+1 - YQ,t+1) - f)

xE; lexp | [ =7 (A(8) + 1) Xar — [(e2 4+ €3)2 + 2e4] | vi11

Us

(A130)

Here, we define the vector vg to simplify notation. The random walk component of
inflation v} does not appear in (A130), because Bj is already scaled by exp(—2v}) by
definition (A125). Taking logs, substituting out for E;m;q, and using the definition for
the sensitivity function A(§;), we get:

~ 1
bg = —e€3 [_[ + B]A_IZt + §U$EUU$/
+7 (A(8) + 1) By X, 05 — 27 (A131)
We similarly solve for two-period real bond prices in closed form:

Py = exp (B (mes1 — Yoo + Youio) — 1)

xE; [exp | (=7(A(8) + 1) — (e3 — eaB)X)vigy
—_————

Ur

(A132)

We define the vector v, to simplify notation. Taking logs, substituting out for Eym,.1,
and using the definition for \(§;) gives:

_ -1
bo(Zy, 81, 04—1) = —(es—eyB)[I +B]JA'Z, + ivrzvv; + 9 (A(8) + 1) Bpr vl — 27
(A133)

For n > 3, we repeatedly substitute out for Fym;.; to obtain the following recursion
for real bond prices:

Bn(Zta S,xi-1) = By [exp (mt+1 + bn71<Zt+1a §t+1,£17t))]

_ R [exp (—f — (e — e2B)A™ 20— 2(1 - 60)(1 - 28)
—y(1 + A(80))0ceri41 + buo1(Zig, S, l’t))] : (A134)

17



The recursion for nominal bond prices with n > 3 is similar. It is complicated by
the fact that we need to integrate over long-term monetary policy shocks, which are not
necessarily spanned by €;,1:

B,?;(Zt, §t7 xt—l) = Et [exp (mt+1 — Yé7t+1 — TL'UtL_Ei + bi_l(Zt-f—l) §t+17 It)):| (A135)

To reduce the number of dimensions along which we need to integrate numerically, we
split vtLﬂ into a component that is spanned by €11 plus an orthogonal shock. This
is useful because we can then use analytic expressions to integrate over the orthogonal
component. We use the standard expression for conditional distributions of multivariate
normal random variables. The distribution of v/} conditional on €, is normal with:

oFl e ~ N | (AXS,€)) €rpa, (o17)? — (ASE,€)) (ANS,€)) | - (A136)

Ve o

2
L

We then write vFT as the sum of two independent shocks:

LT _ * 1
Vi = vecT€q1 + €5, (A137)
where €}, is defined as
L. LT x
€11 = U — vecte (A138)

We integrate analytically over €/, in equation (A139):

~ N n2 ~ .
Bi(Zt, St UUt—l) = [E; lexp (mt+1 — Yo 41 —nvect ey + ?(UL)Q + bi—1(Zt+1, St+1, B$513t) )

- E [exp (—7‘ ey A2, — %(1 — 00)(1 — 25,)

—(v(1+ A(8))oe + eQA’lell + nvec*e] )er 111
———

vpil

— | e2A7 el 4+ nvectel | eg411
—_———
vpia

n2

+§(UL)2 + 05 1 (Zer1, Beg, xt)ﬂ : (A139)

We define the vectors vpi; and vpis as given above to avoid computing them repeatedly
in our numerical algorithm.
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C.5.3 Computing returns

The log return on the consumption claim equals:

Pr C
i, = log (”1; ”1), (A140)
t
Py
= ACt+1+lOg % . (A141)
Cy

Real and nominal log bond yields equal:

Yni = —ibn,t, (A142)
v, = —ibfm + 7. (A143)
Real log bond returns equal:
Tnt+1 = bp—1t41 — bns (A144)
Nominal log bond returns equal:
Ti,tﬂ = bifl,ﬂrl - bi,t —(n— 1)U:+1 + nuy. (A145)

Real and nominal bond log excess returns then equal:
TTptt1 = Tnis1 — Tt (A146)
arh = Th — i (A147)
C.5.4 Levered stock prices and returns

We note that the price of the levered equity claim is 0P, so the price-dividend ratio
equals:

5 c
g} = %?t (A148)
Using the expression
D)., = Pfy+Cya—(1—08)Pfexp(r,) —0Pf, (A149)
and
P’ = 6Pf (A150)
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gives the gross return on levered stocks:

D?+1 + Pt6+1

1P 4G — (1 —0)Pfexp(r,)

- 2 e , (A152)
1 1—-9¢

= = (1 + R§+1> - e (re) . (A153)

Log stock excess returns then equal:
By = T — T (A154)

To mimic firms’ dividend smoothing in the data, we report simulated moments for
the price of equities dividend by dividends smoothed over the past 64 quarters:

1
P/ (M(Df CDD 4t Df_63)> . (A155)

C.6 Risk-premium decomposition

We use the superscript ™ for risk-neutral, superscript ¢/ for cash flow, and ™ for risk pre-
mium. Risk-neutral valuations are expected cash flows discounted with the risk-neutral
discount factor, that is consistent with equilibrium dynamics for the real interest rate:

M}y = exp(—r). (A156)

C.6.1 Risk-neutral zero-coupon bond prices

We use analogous recursions to solve for risk-neutral bond prices. One-period risk-neutral
bond prices are given exactly as before by equations (A126) and (A127). For n > 1, we
guess and verify that the prices of real and nominal risk-neutral zero-coupon bonds with
maturity n can be written in the following form

P::; = B:Ln(Zﬁé\tuxt—l)) (A157)
szn = eap(—nv;) By (Zs, 8, w1 1), (A158)

for some functions B};"(Zt, 8, x4—1) and BE”"”(Z, 84, T4-1)-
We derive the two-period risk-neutral nominal bond price analytically:

P;f" = exp(—ry)E, {Pﬁﬁ‘l exp(—vy,, — }67t+1):| (A159)
= exp(—ry)E, {exp(—Y&tH — 20f 1 — Youq1 — 'F)} ) (A160)

We can hence verify that the two-period risk-neutral nominal bond price takes the form
(A125)

~ 1
0y = —es[l + BJAT 2y + SusSuvg — 27 (A161)
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Here, the vector vg is identical to the case with risk aversion. Comparing expressions
(A161) and (A131) shows that they agree when v = 0. We similarly solve for 2-period
real bond prices in closed form:

Pyt = exp (=Y +EYo 1 —7) Xexp (B (Y341 + Ei1Ya g0 — 7))

xE; |exp | —(e3 — e2B)Xvyq || - (A162)
[ —

Ur

The vector v, is again identical to the case with risk aversion. Taking logs gives:
~ = 1
V5 (Zy, 8, 00-1) = —(es—eyB)[I+B]JA™'Z, + iszuv; — 2. (A163)

We note that the risk-neutral bond prices (A163) and bond prices with risk aversion
(A133) are identical when the utility curvature parameter v equals zero.
For n > 3 the n-period risk neutral real bond price B)" satisfies the recursion:

an(Zn Sp,2.1) = E, {exp (—f — (e3 — €2B)A_12t + bn—1<Zt+1; 841, xt))]
(A164)

We obtain a similar recursion for risk-neutral nominal bond prices:
BY"™(Zy, 8,mm1) = E [exp (Yé’»,t + B Yaui1 — 7 — Yaur1 — nofyy + b5y (Zis1, Se41, xt))} :

We again use the decomposition v}, = vec*eq + €5, from Section C.5.2 to reduce the
dimensionality of the numerical integration:

n2

be”"”(Zt, 5,14-1) = E; |exp <—Y3,t +E Yoy — 7 — Yo —n-vec e + E(UL)Q

051 (Zest, Ser1, 9€t)>] ; (A165)

= E|exp | —7 —e3A 7, — (eaA7'e) + - vec'e) )er 41
——
L vpi1

2

n ~
-1 7 * / 152 $ a
— [ e2A7 e, + n - vece, | €441 + ?(0 ) + 0 1 (Ziga, 841, x4)
—_———
vpio

(A166)

C.6.2 Risk-neutral zero-coupon consumption claims

Next, we derive recursive solutions for the risk-neutral prices of zero-coupon consumption
c,rn

claims. Let P,;"/C; denote the risk-neutral price-dividend ratio of a zero-coupon claim
on consumption at time ¢ +n. The risk-neutral price-consumption ratio of a claim to the
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entire stream of future consumption equals:

Ptc,rn %) ﬁifrn
= —_ . A167
c, n; C, (A167)

For n > 1, we guess and verify there exists a function F,’L’”(Zt, 8¢, ¢_1), such that

Cc,rn
P

Ci

= F" (Zi, 30 we) - (A168)

We start by deriving the analytic expression for F|™. The one-period risk-neutral zero-
coupon price-consumption ratio solves
P = Y- E,;Y; r)E
o exp (=Yg, +E Yo — 1) Ey

Cima
Cy

(A169)

Using (26) to substitute for consumption growth, we can derive the following analytic
expression for fi™:

c*

(A170)

7 3 a —1 7 — 15 1
I Zy, 5, w021) = —(1—p%) (es —eaB) A Z, —F 4+ g+ e1[B — ¢I|A th+§0—2

Next, we solve for f,,, n > 2 iteratively:

c,rn
nt

o T e (=Ys +EYou —7)E,
t

Fgﬁl (ZtJrla §t+17 xt) (Al?l)

This gives the following expression for f'™:

f;;n(Zt, Sp,20-1) = log[Ey[exp (—(1 —p*) (Va1 + EYopi1) — 74 g — ¢z + By + 0c€1441
+f£711(2t+1, §t+1@t>)“ . (A172)

Finally, we re-write f;'; as an expectation involving f;", ., the state variables Z;, and
period t 4+ 1 shocks:

fr(Zy, 8, 24—1) = log [Et [exp (g +e1[B—¢IllA Z, — 7 — (1 — p*) (es — eaB) A1 Z,+
+0c€1 441 + Fr (Ziga, B, xt))” : (A173)

C.6.3 Risk-neutral returns

We plug risk-neutral price-consumption ratios and bond prices into equations (A141)
through (A147). This gives risk-neutral returns on the consumption claim, risk-neutral
log excess bond returns, and risk-neutral bond yields. We then substitute risk-neutral
returns on the consumption claim into (A153)-(A154) to obtain risk-neutral log excess
stock returns.
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C.7 Modeling FOMC High-Frequency Asset Prices

In order to simulate high-frequency changes in stocks and bonds around FOMC announce-
ments, we decompose the quarterly shock into a pre-FOMC and an FOMC component,
which are assumed to be uncorrelated

v, = o' +ofoOMC, (A174)

We therefore effectively model FOMC dates as occurring always at the end of the quarter,
because that is the only date when we compute asset prices. The variance-covariance
matrix of shocks released prior to the FOMC announcement is

Yrre =%, — diag ([UFOMC oFOMC G EOMC afTOMC]) . (A175)

T » T

We then split the rotated ¢, shock similarly according to

e — AT, (A176)
FOMC . f53, FOMC (A177)

The aggregate dynamics and asset pricing solution are of course unchanged to before,
because the distribution of quarterly fundamental shocks v; is unchanged. But splitting
it into two independent shocks allows us to differentiate asset prices before vs. after the
FOMC shock vf"OM¢,

We compute pre-FOMC asset prices very simply at the expected quarter ¢ state vec-
tor before the FOMC shock is realized. The expected pre-FOMC state variables plus
consumption are given by

7l = PZ_+ ", (A178)
Y = PY,, + A7l (A179)
7 = G081+ 61Y1o1 + Y10+ A8, S)Ucﬁlf:fe» (A180)
o = g+t (Y — oY), (A181)
vt = wr o (A182)

We compute pre-FOMC stock and bond prices by substituting the pre-FOMC state
vector into the solutions from the asset pricing value function iterations:

pre
b

o F (20,80 a0a)), (A183)
Py = exp(—nv?") BS (Zfreﬁfrewt—l), (A184)
Pre = B, (Zfreﬁfre;ftfl) (A185)

The pre-FOMC nominal and real log bond yields are then given by

yi’fm = —nlog (P,f;f’”e), (A186)
yiy = —nlog (PYY). (A187)
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Pre-FOMC breakeven is computed as
breakeven,; = yi”fre — Yt - (A188)

We then compute simulated changes in the short-term nominal interest rate, as well as
long-term bond yields and breakeven around FOMC announcements

AfOME = (Vy +up) — (VI + 07 (A189)

Ayt oM = S =t (A190)
Ay ™ = ya — i (A191)
Abreakeven), ?M¢ = breakeven,; — breakeven?s. (A192)

Stock returns around the FOMC date are computed assuming that no consumption
takes place during the FOMC interval (equivalently, the FOMC intervals is infinitesimal),
SO

pe
rtc’FOMC = log | exp(c; — cfre)% - (A193)
o
The levered return around the FOMC date then is
PO  Log((1/8)ep(r7OMC) — (1~ 5)/5)) (A104)

which follows from using the standard formula for levered stock returns while setting the
real interest rate and consumption to zero, because the FOMC interval is infinitesimal.

D Solving for Asset Prices numerically

We evaluate asset prices by iterating on a grid for the state vector as in Campbell,
Pflueger, and Viceira (2020) building on Wachter (2005). Other numerical methodologies
are faster, but their cost is that they cannot replicate the economic properties of Wachter
(2005)’s numerical solution for Campbell-Cochrane. In unreported results, we verified
that analytic linear approximations to the sensitivity function A (e.g. Lopez, Lépez-
Salido, and Vazquez-Grande 2015), numerical higher-order perturbation methods using
Dynare (Rudebusch and Swanson 2008), and global projection methods give solutions for
Campbell-Cochrane that are economically very different from Wachter (2005)’s numerical
solution.

Other approaches in the literature are also not appropriate for our problem. While
Chen (2017) solves a model with habit and production using global projection and per-
turbation methods, his model features a linear sensitivity function and heteroskedastic
consumption. By contrast, we have homoskedastic consumption and a highly nonlinear
sensitivity function. Similarly, affine term structure models, such as Dai and Singleton
(2000), generate affine relations between risk premia and state variables by assuming an-
alytically convenient functional forms for the pricing kernel. In contrast to models that
assume more convenient pricing kernels, our preferences are consistent with the stan-
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dard log-linear New Keynesian consumption Euler equation and generate conditionally
homoskedastic macroeconomic dynamics.

While iterating on a grid is significantly slower than perturbation or global projection
methods, it is not prohibitively so. Our MATLAB algorithm for solving the asset pricing
recursions (described in Section D.1) takes 94 seconds to run on a Lenovo X280 laptop
with an 17-8650U CPU. Simulating the model (described in Section D.2) takes 35 seconds.
The risk-neutral asset pricing recursions and simulating the risk-neutral stock returns take
an additional 88 seconds and 37 seconds.

D.1 Implementing the asset pricing recursions

We implement the recursions in Sections C.5.1 and C.5.2 numerically through value func-
tion iteration on a grid. We solve for the functions f,, b,, and b using value function
iteration along a five-dimensional state vector. We use a five-dimensional grid, with the
first three dimensions corresponding to Z;, the fourth dimension corresponding to §;, and
the fifth dimension corresponding to z;_.

D.1.1 Grid

In this section, we use Z, 38,z to denote the corresponding time-t variables. We use
superscripts ~ to denote variables in the previous period and ™ to denote variables in the
next period. We solve numerically for f,, b,, and b® as functions of the vector of state
variables [Z, §,x_]

Our grid is densest along the § dimension to capture important non-linearities of
asset prices with respect to the surplus consumption ratio. Following Wachter (2005), we
choose a grid for the surplus consumption ratio that consists of an upper segment and a
lower segment and covers a wide range of values for s;. Let Sy.iq,1 denote a vector of 20
equally spaced points between 0 and S, With Sy, included and s,.42 a vector of 30
equally spaced points between min (log (Sgriq,1)), and —50. The grid for §, = s, — 5 then
consists of the concatenation of sg.442 — 5 and log (Syria1) — 5.

We find that bond and stock prices are close to loglinear in Z and 2, so coarser grids
are sufficient along those dimensions of the state vector. In fact, the analytic expressions
for fi, by, and b3 show that one-period zero-coupon consumption claims and two-period
bond prices are exactly log-linear in Z and z~. Numerical results indicate that this
property translates to longer-period claims and f,, b,, and b% are still approximately
linear in Z and z~ for general n. To speed up the value function iteration, we therefore
use two grid points for each dimension of Z and for z~.

For Z, we use an equal-spaced three-dimensional grid. Let N denote the number
of grid points along each dimension and m the width of the grid as a multiple of the
unconditional standard deviation of Z. For each dimension of Z, we choose a grid of
N equal-spaced points with the lowest point equal to —m x std(Z) and the highest
point equal to m X std(Z ). Here, the unconditional variance-covariance matrix of Z is
determined implicitly by the equation:

std(Z) = \/va (Z) B’ + diag(1,1,1). (A195)
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For our baseline grid, we set N = 2 and m = 2.
For 2™, we consider an equal-spaced grid with sizexm points ranging from
min (elAZt . Z € gmd) to max (elAZ Z e gmd) This choice of grid ensures that the

grid for 2~ covers the entire range of output gap values implied by the grid for Z. In our
baseline evaluation, we set sizexm = 2.

With N = 2 grid points along each of the three dimensions of Z, 50 gridpoints for 3,
and sizerm = 2 grid points for 27, the combined grid has a total of 23 - 50 - 2- = 800
points.

D.1.2 Numerical integration

Following Wachter (2005), we use Gauss-Legendre quadrature to evaluate the expecta-
tions (A123), (A134), and (A139) numerically. Gauss-Legendre quadrature is orders of
magnitude faster than computing expectations by simulation. As in Wachter (2005),
we evaluate infinite integrals over the density of standardized consumption shocks (€ ¢)
using 40 integration node points and an integration domain ranging from —8 standard
deviations to 48 standard deviations. To conserve speed and memory, we integrate over
shocks orthogonal to surplus consumption (e;;) using a somewhat smaller number of in-
tegration node points, 15, but again an integration domain of +8 standard deviations.
To evaluate bond and stock prices at points that are not on the grid, we use loglinear
multi-linear interpolation and extrapolation.

For completeness, we recap the key features of Gauss-Legendre integration. Let
xGL;, i = 1,...,Ngr, and wGL; = 1,..., Ng;, denote the Gauss-Legendre nodes and
weights of Ngpth order. Gauss-Legendre quadrature then approximates a definite integral
of any smooth function f on the interval [—1,1] by f_ll f(z)dx ~ YNt wGL f (xGLy).
By change of variable, it is immediate that we can approximate the integral of a smooth
function f on an interval [—a,a|] by

Nar,
/f deZawaLf axzGL; | . (A196)

wGL? CCGL?

Here, we use xG LY and wG LY to denote Gauss-Legendre node points and weights scaled
to the interval [—a, a.

We implement Gauss-Legendre quadrature to take expectations over ¢, as follows.
Let Ny denote the number of Gauss-Legendre nodes and a; denote the integration domain
for the shock €4, that is perfectly correlated with output innovations. We set *GL;; =
rGLY and wGLy; = wG L for i = 1,..., Ny, where the weights and nodes are as defined
in equation (A196). Moreover, we set

1 SRS |
GLy; = ——cap (—2GL3 ;) wGLy, —aGL} ;) wGLy; |, (A197
pGLy, mexp ( x 172) wG Ly, /; <measp ( x 1,1) wG Ly, > ( )

and use the scaled weights pG Ly ; for numerical integration. The scaling of (A197) ensures
that the numerical expectation of a constant is evaluated to be the same constant (or
intuitively that discretized probabilities sum to one).
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We then evaluate numerically the expectation of any smooth function f of €, via:

Blfen) = [ —ea(-8)s@)de, (A195)
~ /a1 \/12_7Texp (—6%) f (€1) dey, (A199)

Ny

i=1

Accuracy increases with a; and N;. We follow Wachter (2006) in setting N; = 40 and
a; = 8.

To take expectations over €;; and €3, we similarly use Gauss-Legendre quadratulie
with integration domain a; = 8 and number of nodes Ny = 15. We set 2GLy; = xGL;?
and wGLs; = wGL{? for i = 1,..., Ny and define the scaled weights:

1 ) M1
pGLy; = Eexp (—xGLQJ-) wGLgﬂ-/; <\/%

The weights and nodes for €3, are identical to those of €.
Since €; 4, €24, and €3, are independent, we can evaluate the expectation of any smooth
function f (€14, €24, €24) as

exp (—.CEGL;Z) wGLQJ-) . (A201)

* 1 * 1 >~ 1
Ef (e14,€21,€3¢) = / mexp (—ef)/ \/ﬂeq:p (—eg)/ \/gexp (—e%)f(61,62,63) dedeades

N1 N N3
~ ZpGLl i ZPGLQJ Z pGLg}kf (JIGLLZ', JIGLQJ, IGLg’k) (A202
i=1 j=1 k=1

D.1.3 Recursive step

Let a superscript "™ denote the numerical counterparts to the analytic functions f,,, b,,
b¥. We start by initializing f7*" (Z, 5, :c_), by (Z, 3, x_), and by (Z, 3, £C_> at each
grid point according to the analytic expressions (A121), (A131) and (A133).

Next, we apply the recursive expressions (A123), (A134), and (A139) along the grid.
Having computed f" along the entire grid, we evaluate f"" (Z , S, :z:_) at a grid point
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(Z , S, m*) as follows. We compute the expectation (A123) numerically as:

5 N1 N2 N3 ~
fgum(Za 5, x_) = log ZPGLM ZPGLZJ‘ ZPGLM + eXp (9 + 61[3 - GM]A_IZ
i=1 j=1 k=1

= — (1= p")(es — e2B)ATZ — 2(1 = 60)(1 - 2)
—(v(1+A8)) = Doe x aG Ly

L ZL'GLLZ'
—|—f3371n BZ + .TGLQJ‘ ,90§ + 911} + 921‘7 + A (§) .TGLLi, Xz ,
ZL‘GLgyk
(A203)
where we evaluate z as a function of the state vector as
r = e A7'Z. (A204)

To compute the right-hand-side of (A203), we need to evaluate fJ*7" at points that are
not on our grid. We interpolate f" linearly (and hence F™ log-linearly). When the
argument is outside the range of the grid, we extrapolate f"* linearly. It is clear from
(A121) that linear inter- and extrapolation gives a good approximation of fi. In fact,
we can see that fi is exactly linear in Z, independent of 2™, and that it depends on
A(8) = Aov1—25. We accommodate the fact that f; is not linear in § by choosing a
much denser grid along the § dimension. We do not have analytic expressions for f,,n > 1
(after all, that’s why we need a numerical solution), but numerical solutions indicate that
linear inter- and extrapolation gives good approximations for f, with the chosen grid.

In terms of coding (A203), we face a trade-off between speed and readability of the
code. We pre-allocate matrices outside loops and we code linear interpolation by hand
(rather than using a pre-written interpolation routine) to conserve speed and memory.
We also inline the linear interpolation steps (i.e. write them directly into the main
function rather than calling a separate interpolation function). This speeds up the code
substantially, while reducing its readability.

There are different methods to interpolate multidimensional functions. Specifically, we
use multi-linear interpolation, corresponding to interpolating along each dimension one
at a time. In order to enhance computational speed we do not rely on a pre-programmed
interpolation routine, instead coding our own minimal interpolation routine. It is well-
known that the result of multi-linear (or in the two-dimensional case bi-linear) interpo-
lation does not depend on in which order one interpolates the different arguments. We
find it convenient to interpolate f/"“7 (Z , S, a:_) first along the £~ dimension, then along

3, then along Z;, and finally along the Z, and Z; dimensions.
Finally, we evaluate the price-consumption ratio for the aggregate consumption stream
by approximating it as the sum of the first 300 zero-coupon consumption claims:

300

prem (Zt, 3¢, $t—1) = > exp (f;;“m(Zt, 34, xt_1)> . (A205)
n=1
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We iterate b*™ (Z , S, x*) and bSmum (Z , S, af) similarly according to:

~ N1 No N3
b (Zy, Sty x-1) = log ZpGLl i ZpGLQ j Z pG L3y
i=1 j=1 k=1

- exp (—F —(e3 —eyB) A™YZ — L(1 — 6)(1 — 25)
- (1 —+ )\(§)) O, X iIZ'GLLZ'

L [L’GLLZ‘
+bziiqb BZ + .TGLQJ ,00§ —+ 01I -+ 92(13_ + A (§) .IGLLZ‘, T )
.CCGLgvk
(A206)
and
~ Ny Na N3
VM (2, S mi1) = | D pGLi | Y pGLay | Y pGLyy, (A207)
i=1 j=1 k=1
- exp <—7“ —egAT1 7 — %(1 —6p)(1 —23)
— (v (1 + X(8)) o + vpiy + n - vec'e]) x xGLy;
2
— (vpis + n - vec'ey) tG Ly ; + % (O’L)Q
o xGLl,i
+b2mm N BZ 4+ | 2GLyy | 6008+ 012 + Ohx™ + A (8) £G Ly, x ,
JIGLg,k
(A208)

We again use multi-linear interpolation and extrapolation to evaluate b5™™ and b™™ at

points that are not on the grid. We similarly implement the recursions (A164), (A166),

and (A173) numerically to obtain risk-neutral bond and consumption claim valuations
B;gn,num7 Bz;n,&num? Grmsnum

D.2 Simulating the Model

We simulate a draw of length T'. Results in Tables 2 and Table 4 use 7' = 10000 and dis-
card the first 100 simulation periods to ensure that the system has reached the stochastic
steady-state. We report model moments averaged across 2 independent simulations.

We use superscript sim to denote simulated quantities. We use the MATLAB function
mvnrnd to obtain independent draws v ~ N (0,3,) for t = 1,2,...,T. We then obtain
the rotated shock according to € = Avf™ and v/"*"™ = e,v5"™. We generate draws for
Zsm t = 1,...,T by setting Z7"™ = 0 and then updating according to (A94). We obtain
the simulated non-rotated state vector for ¢t = 1,2,....,T through the relation Y™ =
A1Z5™  We generate draws for the surplus consumption ratio by setting 3" = 0 and
5™ = 0 and then updating according to (A103). We generate the simulated random
walk component of inflation v}, ¢ = 1,2, ..., T by starting from v;*"™ = ( and updating it
according to equation (22) in the main paper. We initialize simulated log consumption
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at ¢ = 0 and update it using (26). We then drop the first 100 simulation periods to
allow the system to converge to the stochastic steady-state.

asim sim

Having generated draws for the five state variables Z*™, 5™ and x{""  we obtain the
simulated consumption-claim price-dividend ratio as (P¢/C);"™ = Fmm (Zf””, ggm xfz_”f),
n-period real bond prices as
P = By (Zgm, g5, ), and
By = BSnum (Zsim gsim, xfi"f). We obtain the corresponding risk-neutral valuation
ratios by plugging into the risk-neutral asset pricing solutions:

(Pc/c):n,mm — Frnnum (Ztszm’ §§zm7 l’fﬁ?),
P = g (Zgim ggim i) and
S = grnSmoum (Zfim, §fim,xfﬁ’f). We obtain nominal bond prices Pr™ by com-

bining Bi’jim and v;*"™ according to (A125). We similarly obtain risk-neutral nominal

bond prices Pﬂ’&sm by combining B:ﬁ;&sm and v}*"™ according to (A125).

To deal with the fact that ZF™, " x5 are not usually on grid points we adopt a
similar linear interpolation strategy as in the numerical evaluation of the asset pricing re-
cursions described in Section D.1.3. We interpolate F™™, B and B®™"™ ]og-linearly.
We simplify the interpolation strategy slightly compared to Section D.1.3. We use the
MATLAB function griddedInterpolant, sacrificing some computational speed for simpler
code. Even though rare events (and especially extremely negative realizations for §)
matter for the value function iteration in Section D.1.3, low-probability events have very
little impact on the properties of simulated asset prices taking as given F™™ B™™ and
B¥mum \We therefore simplify the log-linear interpolation by truncating Zfzm, §5m and

sim

2" at the maximum and minimum values covered by the grid.

Having generated (%):Zm,t =1,...,T, we compute log returns on the consumption

c,stm

claim r27"™ according to (A141). We obtain simulated price-dividend ratios for levered
stocks by plugging into (A148). Finally, we obtain log bond yields and stock and bond
excess returns as described in Section C.5.3. Risk-neutral bond and stock returns are
computed by substituting (% e 53’&8%, and ms’m into the same relations.

We simulate pre-FOMC asset prices as follows. We use the MATLAB function mvnrnd

to generate independent draws for the FOMC shock
‘ 2 2
pFOMCsim - N (O,diag( 0,0, (ag;?MC) ,(afrfp)MC) )), where ¢t = 1,...,T. Having

drawn the FOMC shock vf OMCsim we obtain the simulated pre-FOMC component of the
overall quarterly simulated shock as

,81 i FOMC,si
Ufre sim Uts@m — o szm7 <A209)
E;fre,szm _ Avfre,szm‘ (A210)
sim  5sim pre,sim

We then use the simulated values for ZF7, Y5 csim  gsim g and €k to compute
the simulated pre-FOMC state vector according to equations (A178) through (A182). We
then obtain pre-FOMC asset prices by substituting the simulated pre-FOMC state vector
into equations (A183) through (A182). Simulated yield changes around FOMC news are
then computed according to equations (A189) and (A192) and simulated FOMC stock
returns are obtained according to equation (A194).
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D.3 Parameter units

This subsection details the relation between parameter values in empirical (reported in
the paper) and natural units (used for solving the code). We solve the model in natural
units. However, it is most natural to report empirical moments and summary statistics
in empirical units for interpretability.

For comparability with empirical moments, Table 1 reports model parameters in units
that correspond to the output gap in annualized percent, and inflation and interest rates in
annualized percent. As in Campbell, Pflueger, and Viceira (2020), we report the discount
rate and the persistence of surplus consumption in annualized units. Concretely, Table 1
reports the following scaled parameters:

400 x g, (A211)
400 x T, (A212)
0s, (A213)

B, (A214)

4 x A" (A215)

100 x o, (A216)
400 x oy, (A217)
400 x o7, (A218)
400 x op7, (A219)
i X 1, (A220)

4 X K (A221)

All other parameters reported in Table 1 do not need to be scaled.

E Details: Simulated Method of Moments

E.1 Reduced-Form Impulse Responses

This section describes how we estimate the macroeconomic impulse responses reported
in Figure 2. We follow the procedure described below for both actual and simulated
data, with the simulated data length matching the length of the empirical sample. Model
impulse responses in Figures 2 are averaged over 100 simulations. In this section, we
use subscripts IRF if variable names would otherwise be similar to different variables
elsewhere in the paper.

To account for the unit root in inflation in the model, we estimate a vector error
correction model of the form

Yirre = UYiRrpi—1 + &4 (A222)
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where we define the vector for the VECM as:
YIREt = [$t—1, T — M1, b — 7Tt]- (A223)

This definition of the VAR(1) vector guarantees that each of the variables is stationary
when the data is simulated from our model since the unit root affects the short-term
interest rate 7; only through its effect on inflation ;.

The shocks ¢; are not orthogonal and we denote their estimated variance-covariance
matrix by .. Next, we rotate the innovations to be orthogonal. This means that we
need to re-write (A222) in the form:

R 'Yigp: = URYIREt—1 + Mt (A224)

where 7, is a vector of uncorrelated shocks, R is an invertible matrix, and Iz = R™1II.
We write the variance-covariance matrix of n; as:

o(m)? 0 0
Sy=Enpn,=| 0 o(mp)? O (A225)
0 0 0'(773)2

We pick R~! to be lower-diagonal with ones along the diagonal. Having estimated II
and X, we obtain R, IIg, and ¥, using Cholesky factorization.

We then construct impulse responses. We start with a unit standard deviation or-
thogonalized shock to output gap:

m = [o(m),0,0] (A220)

which is equivalent to
&1 = R[O'(?]l), 0, 0] (A227)

The n-th response to a one standard deviation shock to the output gap then is com-
puted as:
" e, = 1" 'Rlo(n),0,0]. (A228)

We can similarly compute the responses for the change in inflation 7, — m;_; and the
difference between the nominal interest rate and inflation i, — ;. In order to then obtain
the corresponding responses of inflation, we cumulate the responses of 7, —m;_; and finally
add the response of inflation to that of 7; — 7; to obtain the response of the short-term
nominal interest rate.

E.2 Confidence intervals and objective function

We use a bootstrap method to compute confidence intervals for the empirical impulse
responses shown in Figure 2 and for the variances of the impulse responses used in the
SMM estimation. Let II and . denote the coefficient matrix and the variance-covariance
matrix of shocks from estimating (A222) on actual data. We then generate bootstrapped
data by simulating Y}}%‘}{t of identical sample length as the true data according to

Ylbz(%%t,t = HY}I)}%%,t—1+5?OOt> (A229)
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where €2 are drawn as iid normal with mean zero and variance-covariance Y.. On the

bootstrapped data, we then apply the methodology for IRFs described in Section E.1.
That is, we re-estimate (A222) on the bootstrapped data and use the resulting estimates
to construct bootstrapped impulse response functions. We generate 1000 independent
bootstrap samples. Figure 2 shows confidence intervals, such that 95% of the time the
bootstrapped impulse responses are within the interval.

For our objective function, we define the empirical target moments as follows. U is
[15 x 1]. It includes 15 = 6 - 3 — 3 impulse responses. We have 15 impulse response
moments, because we have nine impulse responses at zero (shock period), one, two, four,
eight, and twelve quarters each. However, three of the shock period impulse responses are
zero by our choice of orthogonalization and we exclude them from the objective function.

Let V denote the bootstrapped variance-covariance matrix of Qboot — . We then
define the weighting matrix W for the SMM objective function as the diagonal matrix
with the inverse variances for the 15 impulse response moments along the diagonal:

W = diag(inv(Vi,),inv(Vas), ..., inv(Vsys1)). (A230)

The SMM objective function is then given by equation (39) in the main text.

E.3 Grid search

We minimize the objective function J(o) using a two-step grid search. To reduce the
need to compute (computationally expensive) asset prices along the grid, we separate the
parameters into [0, 0, ogr| and opp. The first step of the grid search finds the parameter
values for [0, 0., 0s7] that minimize the objective function while holding the volatility
of the long-term monetary policy shock constant at o7 = 0.25, which we have chosen to
match roughly the volatility of changes in 10-on-10-year breakeven, which equals 0.26% in
our empirical sample. In this first grid search step, we solve and simulate macroeconomic
dynamics and reduced-form impulse responses (but not asset prices) over a grid for the
first three volatility parameters. We choose an equally-spaced grid with 20 points between
0.01 and 1 for each of o, 0., and og7, so we evaluate the macroeconomic dynamics at
a total of 20% = 8000 gridpoints in this step. We discard parameter values in this step,
where asset prices do not exist.

In a second step, we find the volatility of the long-term monetary policy shock or
by minimizing the distance between the volatility of changes in 10-on-10 year breakeven
in the model and in the data, while holding all other model parameters constant. This
second step requires solving for asset prices at each grid point, and is hence substantially
slower than the first step. We evaluate the model volatility of changes in 10-on-10-year
breakeven inflation on an equally-spaced grid for o, with 20 points between 0.01 and 1.
Because it takes about 2 minutes to solve for macroeconomic dynamics and asset prices,
this second step of the grid search takes about 2 x 20 = 40 minutes. We again discard
parameter vectors where asset prices do not exist.
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F Additional Model Results

F.1 Switching off model components

Table Al shows that the model results described in Table 4 are robust to switching off
individual model components. For instance, reducing the equilibrium volatility of Phillips
curve, short-term monetary policy, or long-term monetary policy shocks leaves the rela-
tionship of stock returns and monetary policy surprises on FOMC dates unchanged. For
the counterfactual exercises in columns (5) and (6) of Table A1 monetary policy shocks
on FOMC dates are still non-zero, but they are unanticipated and out-of-equilibrium
because the equilibrium volatility of monetary policy shocks set to zero.

The model results for high-frequency stocks and bonds around FOMC announcements
are robust to switching off the link between expected growth and the short-term real rate
by setting p, = 0. Table Al, column (1) shows that the model regression coefficients
are actually somewhat larger when we switch off this link, and that time-varying risk
premia continue to represent about 50% of the overall stock response to monetary policy
news. With p® = 0, a surprise increase in the short-term monetary policy rate is not
accompanied by higher growth expectations, so stocks fall even more than in our baseline
calibration. The link between the short-term real rate and expected growth (p* > 0) in
our baseline calibration therefore helps, because it ensures that the stock return response
to monetary policy shocks is not too large compared to the data, as in Nakamura and
Steinsson (2018).

Switching off the habit shock in column (3) also increases the model slope coefficients
around FOMC announcements, and continues to imply a substantial risk premium re-
sponse, as in the baseline calibration. Intuitively, in the absence of independent habit
shocks the consumption claim is conditionally perfectly correlated with surplus consump-
tion, so stocks are even riskier for investors.

34



Ge

Table A1l: Model Decomposition

(1) (2) (3) (4) (5) (6)

Baseline p*=0 0,=0 0,=0 o0s7=0 o0,7r=0

Panel A: Overall monetary policy shocks effect

Slope(S&P 500 Return, Fed Funds) -5.27  -11.38 -1543 -5.15 -4.96 -5.20

Slope(S&P 500 Return, 10Y Breakeven) 5.89 11.54 17.00  5.74 5.54 5.81
Panel B: Monetary policy shocks effect on risk premia

Slope(S&P 500 Risk Premium, Fed Funds) -2.54 -7.71 -14.16  -2.49 -2.21 -2.46

Slope(S&P 500 Risk Premium, 10Y Breakeven) 2.7 7.57 1534 2.64 2.35 2.63
Panel C: Bond Betas

Real Bond-Stock Beta 0.03 0.07 0.17 0.02 -0.02 0.01

Breakeven-Stock Beta -0.13 -0.16  -0.22  -0.13 -0.11 -0.04

Note: This table compares asset pricing moments while switching off individual model components. The real and breakeven stock
betas are computed as in Table 2, and the asset price reactions around monetary policy dates are as in Table 4. Column (1) of Panel
A repeats the model regression of Table 4, column (2). The remaining columns of Panel A report the corresponding model regression
coefficients while switching off individual model components. Panel B reports regression estimates corresponding to Table 4, column
(4), where the dependent variable is the risk premium component of equity returns. For all panels, column (1) repeats the baseline
model results. Column (2) switches off predictable technology growth. Column (3) sets the demand shock to zero. Column (4) sets the
Phillips curve shock to zero. Column (5) sets the short-term monetary policy shock to zero. Column (6) sets the long-term monetary
policy shock to zero. For the counterfactual exercises in columns (5) and (6) of Table A1 monetary policy shocks on FOMC dates are
still non-zero, but they are unanticipated and out-of-equilibrium because the equilibrium volatility of monetary policy shocks set to
zero. All other parameters are held constant at the values listed in Table 1.



F.2 Model Real Bond Yields around FOMC Announcements

In this Appendix Section, we show that our model matches the comovement between the
short-term nominal interest rate and long-term real bond yields around FOMC dates,
which Nakamura and Steinsson (2018) and Hanson and Stein (2015) have documented.

Table A2: Data and Model Real Bond Yields around FOMC Announcements

SO (3)
Data Model Model (p* =0)

Slope(5Y Real Yield, Fed Funds)  0.42*  0.36 0.32
(0.22)

Risk Neutral 0.35 0.29

Slope(10Y Real Yield, Fed Funds) 0.28*  0.17 0.18
(0.16)

Risk Neutral 0.17 0.15

Note: This table compares the comovement of long-term real bond yields and short-term

nominal interest rates around monetary policy announcements in the model and in the
data. The table reports coefficient estimates from regressions of the form AFOMCy, , =
bo + biAFOMCG, 4 ¢, where AFOMCy, , is either the change in the 10-year or 5-year
real bond yield from the day before the FOMC announcement to the day after. We use
zero-coupon TIPS yields from Giirkaynak, Sack, and Wright (2010). The surprise in the
Federal Funds rate and the sample are as in Table 4. Model asset price changes around
FOMC announcements are also as described in Table 4. Risk neutral rows show the slope
coefficients when model long-term real bond yields are computed from the stochastic
discount factor of a risk neutral investor taking macroeconomic dynamics as given.

Table A2 shows that our model matches the empirical relationship between long-term
real yields and short-term nominal yields on FOMC days:

AFOMCy = by + b ATOMYG g, (A231)

where AFOMC,; . is the change in either the 10-year or the 5-year real bond yield and
AFOMCG s the change in the Federal Funds rate. Table A2, column (1) shows that long-
term real bond (TIPS) yields indeed move with surprises in short-term interest rates in
our sample, consistent with prior empirical results. In the data, a 25 bps surprise increase
in the short-term nominal interest rate tends to be accompanied by a substantial 11 bps
increase in the 5-year TIPS yield and a 7 bps increase in the 10-year TIPS yield.
Column (2) shows that the model replicates the positive empirical relationship be-
tween long-term real bond yields and short-term nominal yields on FOMC dates. In the
model, a 25 bps point increase in short-term nominal yield is associated with a 9 bps
increase in the 5-year real bond yield, and a 4 bps increase in the 10-year real bond yield,
similarly to the data. Both of these coefficients are economically meaningful and within
two standard deviations of the empirical estimates, though smaller than in the data.
One might expect that setting p* > 0 (as in our baseline calibration) should lead to
higher model regression coefficients in Table A2. The standard intuition in Nakamura
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and Steinsson (2018) is that when monetary policy is perceived to follow the natural
rate implied by expected growth, a surprise increase in the policy rate leads investors to
update about expected growth going forward, thereby raising long-term real bond yields.
Consistent with this intuition, column (3) shows that switching off the link between
productivity growth and the real yields (p* = 0) indeed weakens the link between short-
term nominal and 5-year real bond yields. For the 10-year bond yields, setting p* = 0
does not reduce the model slope coefficient of 10-year real bond yields onto the short-term
policy rate around monetary policy announcements.

Looking at the slope coefficients for risk-neutral real bond yields provides an answer
to this puzzling result. We compute risk-neutral real bond yields according to the ex-
pectations hypothesis, so they contain no risk premia. As expected, switching off the
real rate - growth link (p* = 0) weakens the slope coefficients of model risk-neutral real
bond yields onto short-term policy rate surprises for both the 5-year and the 10-year real
bond maturities. The role for risk premia in our model arises because whether real bond
prices benefit from flight-to-safety is endogenous to the macroeconomic regime (including
p*). Table A1, Panel C shows that when investors do not learn about growth (p® = 0)
the real bond beta is positive, so real bonds are risky. Conversely, when investors learn
about expected growth from interest rates (p® > 0), the real bond beta is closer to zero
and real bonds have greater hedging benefits for investors. Intuitively, when investors
associate high interest rates with growth, negative real bond returns are associated with
good macroeconomic news, driving down real bond betas and improving their risk profile
for the representative agent. In turn, investors prefer to hold real bonds when investor
risk aversion rises after a contractionary short-term monetary policy shock, dampening
the increase in long-term real bond yields. This countervailing risk premium channel
suggests that larger or more persistent changes in growth expectations may be required
to explain any given empirical link between long-term real bond yields and short-term
policy rates on FOMC dates.

Overall, we find that our model can replicate the empirical relationship between inno-
vations in short-term nominal and long-term real bond yields around FOMC announce-
ments, and endogenous flight-to-safety means that even greater variation in expected
growth may be justified to explain the data.

F.3 Robustness Model FOMC Results

Table 4 and Figure 5 report the slope coefficients b; and by from running the following
regression on simulated model data

r?’FOMC = by + b AFOMO 4 boAbreakeven,, ; + €. (A232)

We pick standard deviations for the ST and LT monetary policy shocks on FOMC
days to match the empirical standard deviations of our respective proxies for those shocks:
4.3 bps and 3.3 bps. To make sure that our results on the relationship of monetary policy
shocks and equity returns are not driven by the choice of those exact values, in Figure

A1 we plot the estimates for b; and by while varying o£QM¢ /gEQMC
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Figure A1l: Model High-Frequency Regression Coefficients against Volatility of FOMC
ST Monetary Policy Shock

T T
— Equity Return on ST shock
—Equity Return on LT shock

Regression Coefficients

Note: This figure shows regression coeflicients b; and by from the model regression (A232), also shown in

column (2) in Table 4 in the main paper. Each dot in the figure corresponds to a model simulation with
a different value for the volatility of short-term monetary policy shocks realized on FOMC dates o5&
We hold the volatility of the long-term monetary policy shock realized on FOMC dates constant at its

baseline value of ofG@M¢ = 3.3 bps. We plot the model regression coefficients b; and by on the y-axis

FOMC
against the ratio of the short-term to long-term monetary policy shocks realized on FOMC dates Zi?
FOMC

on the x-axis.

G Additional Empirical Results

Our model predicts that stock returns should be more sensitive to monetary policy news
following a sequence of bad shocks, such as during a crisis. To verify that this prediction
is in line with the data, in this section we tabulate the properties of stock returns in
narrow windows around FOMC announcements during the depth of the financial crisis
of 2008-09 (defined as October 2008 through December 2009).

In terms of summary statistics, we have 10 observations during this crisis period. The
standard deviation of 1-hour stock returns is 1.04%, the standard deviation of Fed Funds
rate innovations over the same time interval is 4.3 bps, and the standard deviation of
breakeven changes on FOMC days is 3.4 bps. For comparison, our full sample has 146
FOMC date observations, with a standard deviation of 1-hour stock returns of 0.67% and
virtually identical standard deviations for Federal Funds rate and breakeven surprises.
During the crisis period, stock returns around FOMC announcements were hence about
50% more volatile, even though the proxies for monetary policy news were about equally
as volatile as during the full sample.
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Table A3 estimates the slope coefficients of stock returns onto Federal Funds rate
surprises and breakeven changes around FOMC announcements for the crisis period,
analogously to Table 3 columns (1) through (3). As predicted by theory, the slope
coefficients are larger in magnitude during this period, which was characterized by a
steep recession and high risk premia. Unfortunately, due to the small sample size, the
standard errors are substantially larger than before, and we lose statistical significance.

Table A3: Empirical Equity Returns and Monetary Policy Surprises during 2008-09
Financial Crisis

Dependent variable:
S&P 500 Return

(1) (2) (3)

FF Shock —6.66 —4.23
(4.85) (6.46)
10Y Breakeven 10.26 8.22

(8.81)  (10.38)

Constant 0.33 0.07 0.07
(0.38)  (0.25) (0.28)

Observations 10 10 10

R? 0.08 0.09 0.14

Note: Regressions are analogous to Table 3 columns
(1) through (3), except that this table uses the crisis
subsample (October 2008 through December 2009).
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