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1 Introduction

Long-run monetary neutrality is a long-held belief in economics that dates back at least to Fried-
man (1968) and Lucas (1972). Blanchard (2018) refers to the hypothesis that long-run potential
output is independent of monetary policy as the independence hypothesis. But as remarked by
Blanchard (2018, p. 118), “[iJf the independence hypothesis fails, adverse shocks are more costly,
and stabilization policy more powerful.” Whether the independence hypothesis holds is ultimately
an empirical question.

The purpose of this paper is to propose an asset-pricing test of the independence hypothesis
and a quantitative measure of the long-run impact of monetary policy. Applying our methodology,
we find that asset-market-based evidence strongly rejects a version of the independence hypothesis.
To quantify the long-run impact of monetary policy, we follow Jarociriski and Karadi (2020) in
constructing monetary policy shocks and central bank information shocks. In our sample, a 25-
basis-point expansionary monetary policy shock and a 25-basis-point central bank information shock
are associated, on average, with 100-basis-point and 250-basis-point upward revisions in long-run
economic growth (under the long-run risk-neutral measure, as defined in Section 3), respectively.

To test the independence hypothesis and to quantify the failure of the independence hypothesis,
we need a measure of the long-run impact of monetary policy. Building on the operator approach
of Hansen and Scheinkman (2009), this paper constructs such a measure by using the response
of long-term assets over short FOMC announcement windows. The operator approach provides
theoretical foundations for our measure. First, it allows us to separate discount rates and cash
flow expectations. The long-term equity we construct is a claim to dividends to be paid far in
the future, with maturities of 30 years or more. The price of long-term equity therefore reflects
market participants’ beliefs about long-run discount rates and long-run growth. Similarly, the price
of long-term bonds reflects long-run discount rates. We show that computing the ratio of the return
on long-term equity to the return on long-term bond over short FOMC announcement windows
differences out the common discount rate component and therefore provides a measure of market
participants’ expectations about the long-run impact of monetary policy. Empirically, we find that
financial markets’ beliefs about the long-run impact of monetary policy respond significantly to
FOMC announcements.

Second, the operator approach provides a theoretical justification for using the present value
of long-term dividends to measure expectations about aggregate output: we show that for the
purpose of measuring the long-run impact, the difference between dividend cash flows and aggregate
output becomes negligible as the horizon of the impact becomes large, provided that dividends and
aggregate GDP are cointegrated.

Our main result is that the ratio of returns on long-term equity to long-maturity bonds over
a short FOMC announcement window identifies the long-run impact of the announcement, with
expectations taken under the long-run risk-neutral probability measure in the sense of Hansen and
Scheinkman (2009). This result has two implications. First, imperfect correlation between returns

on long-term equity and long-maturity bonds over short FOMC announcement windows rejects the



independence hypothesis. We provide empirical evidence that strongly rejects this hypothesis. Our
findings highlight the importance of studying monetary models with long-run effects.

Second, the ratio of returns on long-term equity to long-maturity bonds over short FOMC an-
nouncement windows provides a quantitative measure of the impact of monetary policy on expected
long-run growth. We find evidence of a substantial long-run impact of monetary policy—the av-
erage magnitude of the revision in expected long-run growth is about 60 basis points per FOMC
announcement.

Empirically, we construct long-term equity using a portfolio of non-dividend-paying stocks as
a proxy.! We use the Treasury bond of the longest available maturity as a proxy for long-term
bonds, following Alvarez and Jermann (2005). The unconditional correlation between our measured
innovations in long-run growth expectations and high-frequency changes in the federal funds futures
rate—a conventional measure of monetary policy shocks—is low. We show that this reflects the Fed
information effect. Following Jarociniski and Karadi (2020), we construct monetary policy shocks
and central bank information shocks and show that changes in long-run growth expectations are
highly correlated with both components of monetary policy surprises. A 25-basis-point expansionary
monetary policy shock leads, on average, to a 100-basis-point upward revision in long-run economic
growth, while a 25-basis-point central bank information shock typically leads to a 250-basis-point
upward revision.

The long-run impact measured under the long-run risk-neutral probability includes both growth
expectations under investors’ subjective probability and a risk compensation for long-run economic
growth. To study the relationship between this measure and the long-run impact under investors’
subjective probability, we provide several results. First, we provide a set of sufficient conditions
under which the two measures coincide. Second, under the assumption of rational expectations, we
use the methodology of Ai and Fu (2026) to decompose the long-run impact of monetary policy
into long-run cash-flow-expectation and long-run risk-premium components. We find that the two
components are of comparable importance: each accounts for about half of the variance of the

long-run impact.

Literature Our paper is related to the large literature on the long-run impact of monetary pol-
icy. In standard models with nominal rigidity, such as the textbook treatments of Gali (2015)
and Woodford (2003), monetary policy does generate real effects, but they dissipate in the long
run. Empirical work that identifies monetary policy shocks as deviations from a policy rule often
finds that output responses to monetary policy shocks are hump-shaped and die out within a few
years (Christiano, Eichenbaum, and Evans, 1999; Romer and Romer, 2004; Ramey, 2016). At the
same time, a smaller literature emphasizes the long-run impact of monetary policy. Stadler (1990)
shows that once technology is endogenous, demand shocks, including monetary policy shocks, have
permanent output effects. Moran and Queralto (2018); Garga and Singh (2021); Bianchi, Kung,
and Morales (2019); Fornaro and Wolf (2023) build New Keynesian models with endogenous R&D
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in which policy affects productivity growth. Jorda, Singh, and Taylor (2024) find that identified
monetary policy shocks depress output, TFP, and capital for more than a decade.

Our paper connects to the literature on the high-frequency identification of monetary policy
surprises around FOMC announcements and their causal effects on asset prices. In early work,
Bernanke and Kuttner (2005) and Kuttner (2001) identify the surprises as the daily changes in the
current-month or next-month federal funds futures rate and study the responses in stock prices and
Treasury yields, respectively. More recent studies exploit narrower windows around announcements
to identify monetary policy surprises. Giirkaynak, Sack, and Swanson (2005) construct a target
factor and a path factor from high-frequency responses of several federal funds and Eurodollar
futures with one year or less to expiration. Nakamura and Steinsson (2018) provide evidence for
the Fed information effect and estimate non-neutrality from the responses of real rates, expected
inflation, and expected output growth to the high-frequency surprises. Jarociriski and Karadi (2020)
decompose the surprises into a pure monetary policy component and a Fed information component.
Bauer and Chernov (2024) show that option-implied skewness of interest rates can predict these
surprises. Bauer and Swanson (2023) highlight the importance of removing predictable components
from these surprises. Also related is the literature that aims to explain the responses in asset prices.
Kekre and Lenel (2022) and Pflueger and Rinaldi (2022) highlight the risk premium channel in
models with wealth redistribution and habit formation, respectively. Bauer, Pflueger, and Sunderam
(2024) show that perceptions about the Fed’s policy rule have shaped the transmission of monetary
policy to financial markets. Kekre, Lenel, and Mainardi (2025) explain the responses of long-term
Treasury yields in a segmented markets model. Nagel and Xu (2025) attribute the responses of
stock prices to movements in the yield curve. Our identification strategy also builds on the evidence
of a macroeconomic announcement premium documented by Savor and Wilson (2013), Lucca and
Moench (2015), and Ai and Bansal (2018).

To study the impacts of monetary policy on the macroeconomy, several papers, for example,
Cochrane and Piazzesi (2002), Gertler and Karadi (2015), Ramey (2016) and Stock and Watson
(2018), exploit the exogeneity of high-frequency surprises, using them either as regression variables
or instruments in structural VARs or local projections. A related paper by Golez and Matthies
(2025) also leverages intraday financial market data to measure the impact of monetary policy
on cash flows. They provide evidence for the Fed information effect on short-term growth by
finding that the announcement returns of a six-month dividend strip constructed from options load
positively on the monetary policy surprises. In contrast to their work, our goal is to identify the
long-run component of monetary policy shocks and, more importantly, to quantify the long-run
impact.

On the methodology side, our paper builds on the operator approach to long-term pricing pi-
oneered by Hansen and Scheinkman (2009) and is closely related to the literature on the recovery
of probabilities from asset prices (Ross, 2015; Borovicka, Hansen, and Scheinkman, 2016; Qin and
Linetsky, 2017; Bakshi, Chabi-Yo, and Gao, 2018; Jensen, Lando, and Pedersen, 2019). Borovicka,

Hansen, and Scheinkman (2016) demonstrate that, in general, it is not possible to recover subjec-



tive probabilities from asset prices alone when the permanent component of the pricing kernel is
important. Our benchmark measure, the ratio of long-term equity to long-term bond returns, is
constructed solely from asset prices without assumptions about the relationship between subjective
and objective probabilities. As a result, this measure generally captures the impact of monetary
policy on both long-run growth expectations and long-run risk premia. In a companion paper,
Ai and Fu (2026), we develop a general methodology for constructing a time series of long-run
growth expectations from asset prices under the assumption of rational expectations. The bench-
mark measure of the present paper does not require rational expectations—identification relies only
on no-arbitrage over short announcement windows—and it delivers a formal test of the long-run
neutrality of monetary policy together with a quantification of its magnitude.

Our paper is also related to the literature that studies the decomposition of the stochastic
discount factors (SDF) into permanent and transitory components. Bansal and Lehmann (1997)
provide a decomposition of the SDF into permanent and transitory components. Alvarez and Jer-
mann (2005) and Bakshi and Chabi-Yo (2012) develop volatility bounds on these two components.
Christensen (2017) estimates them with a structural model and a non-parametric approach to the
Perron-Frobenius eigenfunction problem. Backus, Chernov, and Zin (2014) highlight the tension be-
tween generating a large permanent component of the SDF and low spreads between yields. Lustig,
Stathopoulos, and Verdelhan (2019) link the carry trade risk premium of long-term bonds to the
cross-country differences in the volatility of the permanent components of the SDF. Cieslak and
Khorrami (2025) propose a Long-Run Neutrality (LRN) condition, which tests the impact of mon-
etary policy shocks on the permanent component of stochastic discount factors. Whereas we focus
on long-run economic growth, the LRN condition concerns the stochastic discount factor. LRN is
neither necessary nor sufficient for our test of long-run impact.

The rest of the paper is organized as follows. In Section 2, we define long-term equity and
long-term bonds and explain the construction of our measure of the long-run impact of monetary
policy. In Section 3, we present the empirical evidence for the long-run impact of monetary policy.

Section 4 concludes.

2 Evidence for the long-run impact of monetary policy

2.1 Overview of main empirical results

We first provide a non-technical summary of our construction of the long-term portfolio and its
connection to the long-run impact of monetary policy. We denote the time ¢ price of a zero-coupon
inflation-protected bond with maturity 7" as b (t,T"). Let {D;} be the process of aggregate dividends
paid by the stock market. We define the time ¢ price of a tail dividend claim with maturity 7T,
denoted V (¢,T), as the present value of all dividends paid after time 7". That is, V (¢,T) is the
present value of {Dryy,}o-, where we will refer to 7' as the maturity of the tail dividends. For T'
large, we call b (¢,T) the price of the long-term bond and V (t,T") the price of long-term equity.

To focus on FOMC announcements, we assume that a pre-scheduled FOMC announcement is



made at time t = 7,27,37,---. We use F,- [Yr| to denote the expected long-run level of output at
some distance future time 7' conditioning on pre-announcement time ¢~ information, and E; [Y7]

as the revised belief about Yr right after the FOMC announcement at time ¢. Under this notation,
E:[YT]
Et— [YT}

is the update of the expectation about long-run output Y7 upon an FOMC announcement at

Ey[Yr]
Et* [YT]

time t. As T gets large, E; [Y7] may not be finite; however, under general conditions, limp_,

E:[Yr]
E, [Yr]

as the update of expected long-run output upon an FOMC

Ey[Yr]
Et— [YT]
measured from asset prices. We first provide a non-technical summary of our main results. Formal

is finite. We will refer to im7_, oo

announcement at time t. We are interested in conditions under which limp_, can be

statements and proofs will be given in Section 3.

Claim 1. Suppose the long-run growth rate of Y; is independent of monetary policy, then

o b(T) . V(T)
Tlféob(r,T) TS V (-, T) (1)

that is, the return on the long-term bond and that on long-term equity must be perfectly correlated

upon FOMC announcements.

Claim 1 above is our version of the independence hypothesis of Blanchard (2018). In Section
3, we will provide a rigorous statement of the hypothesis that the long-run growth rate of Y; is
independent of monetary policy. One such example is the textbook version of the New Keyne-
sian model, for example, in Gali (2015) and Woodford (2003), in which output ¥; has a long-run
stationary distribution. Claim 1 implies that under the independence hypothesis, the returns on
long-term equity and the long-term bond must be perfectly correlated. As a result, rejection of the
perfect correlation between long-term equity and long-term bond over short FOMC announcement
windows is a rejection of the independence hypothesis.

Equation (1) motivates the construction of the return on a portfolio that has a long position in

long-term equity and a short position in the long-term bond:

VET) b

b ey

We call this portfolio the long-short long term portfolio. Claim 1 implies that a non-trivial return of
the long-short long term portfolio over a short FOMC announcement window leads to the rejection
of the independence hypothesis.

More generally, the following claim implies that the return on the long-short long-term portfolio
over a short FOMC announcement window is a measure of the long-run impact of monetary policy
in the sense that it is the update of the belief about long-run growth under the long-run risk neutral

measure.

Claim 2. Let E* denote the long-run risk neutral measure in the sense of Hansen and Scheinkman
(2009), then
i E} [Yr] V(t,T) b(t,T)
lim In | =L+ ) =1 1 — 2
T <E; [Y7] V(. T)  b(t,T) @)




That is, the difference between the returns on long-term equity and the long-term bond identifies

the long-run impact of monetary policy under the long-run risk-neutral measure.
Ey[Yr]
EY_[Y1]
this impact may be a combination of risk premium and growth expectations. In most structural

In general, lim7_, # 1 indicates a non-trivial long-run impact of monetary policy, but
models, E} [Yr] < E; [Yr], and the difference between the two reflects investors’ demand for compen-
sation for shocks that affect long-run economic growth, or long-term risk. The long-run risk-neutral
measure understates the probability of high-growth states and inflates the probability of low-growth

states. We can write

E; Y, E. Y, E} Y. Ef Y,
w2l g, Bl {m el B vl [T]}, (3)
Er [Yr] E- [Y1] Ey [Y7] E- [Yr]
where the first term In EE ! D[;f;] is the impact of monetary policy on expected long-run growth, and
o

the second term represents the change in risk compensation for long-run growth before and after
FOMC announcements. In the next section, we will compute this measure of the long-run impact
of monetary policy and provide a decomposition into the expected growth component and the long-
run risk premium component. In Section 4, we provide conditions under which the long-run impact
can come from growth rate expectations and/or discount rate variations to provide guidance for

structural models of the long-run impact of monetary policy.

2.2 Proxies for long-term equity and long-term bond

Before our empirical analysis, we first summarize our construction of long-term portfolios. More
details on the data are provided in the data appendix. For notational convenience, we denote the

announcement returns on long-term equity and the long-term bond as

In Ry = 7}1_1)130 In m and In R = Th_I)r;O In ;(ff_’?;z)

Long-term bond Following Alvarez and Jermann (2005), we proxy the long-term bond with the
Treasury bond of the longest available maturity. Given our focus on the high-frequency price re-
sponses, we use futures on the 30-year Treasury bond?, as in Cieslak and Khorrami (2025). Although
this benchmark bond portfolio is nominal, it covers our entire sample period from Feb 1994 to Dec
2023 and we observe its high-frequency price changes. For robustness, we regress high-frequency
changes in the on-the-run 30Y TIPS yield on changes in the on-the-run 30Y nominal Treasury bond
yield around FOMC announcements®. High-frequency TIPS yield changes are available only from
Feb 2005, so this exercise uses a shorter sample from Feb 2005 to Dec 2023. As shown in table 7.1
in the Appendix, we find a slope coefficient of 0.98 and an R? of 0.88.

2The underlying bond is the cheapest-to-deliver Treasury bond with a maturity of more than 15 years
3These yield changes are from U.S. Monetary Policy Event-Study Database of the Federal Reserve Bank of San
Francisco, which is based on the work in Acosta, Ajello, Bauer, Loria, and Miranda-Agrippino (2025)



The non-dividend-paying stock portfolio We proxy long-term equity with a portfolio of non-
dividend-paying stocks. We construct our benchmark portfolio in each year with firms that have
never paid any dividend from listing through the end of the previous year. In doing so, we form this
long term equity portfolio with only information available at the formation date. We assume this
portfolio has ultra-long duration and is a good proxy for the long term equity. Indeed, from 1926 to
2024, 82.1% of the firm-year observations in this portfolio correspond to firms that have never paid
any dividend at any point in the sample. For robustness, we construct a second portfolio of firms
that explicitly state in their annual 10-K filings that they will not pay dividends. Such statements
are highly standardized: we find that firms typically report that they do not anticipate paying
dividends in the foreseeable future. We use GPT-4o-mini to classify each firm-year based on the
dividend-policy discussion in Item 5 of the 10-K. To be conservative, we require that the statement
contain the phrase “foreseeable future”. Among the firm-year observations in this portfolio, 76.4%
additionally state the intention to retain earnings to fund growth. As above, we lag the classification
in our empirical analysis by one year to avoid using look-ahead information.

Figure 2.1 plots four series over 1994-2024: the total number of firms in CRSP (solid line), the
number of firms that had paid no dividend from listing through the end of that year (dotted line),
the number of firms that pay no dividend at any point in 1926-2024 (dashed line), and the number
of firms whose 10-K states that they do not anticipate paying dividends in the foreseeable future
(dash-dotted line). Our benchmark non-dividend-paying portfolio consists of the second group—
firms with no dividend history as of the formation date—which accounts for more than half of all
CRSP firms in the sample.

To further validate our portfolio as a proxy for long term equity, we compare it with an alternative
construction using dividend futures data. Dividend futures allow us to compute the time ¢ value
of the dividend strip of the S&P 500 index with maturity n as P> = B]'G}, where B} is the time
t price of a zero-coupon bond maturing at ¢ + n and G} is the time t price of dividend futures
maturing at t + n (see, for example, Van Binsbergen and Koijen (2017), Bansal, Miller, Song, and
Yaron (2021), and Nagel and Xu (2025)). Given that a stock is a claim to all future dividends, we
can construct the price of a synthetic portfolio of long-term dividends of the S&P 500 index after
year M as

M
PtM+ _ PtS&P500 _ Z Pr. (4)
n=1
In what follows, we will call PtM * the price of the tail dividends with maturity M.

Table 2.1 reports the correlations between the daily log return on our non-dividend paying stock
portfolio In R and the return on the synthetic tail dividend claim of the S&P 500 index with
maturities M= 5, 6 and 7 and that with the S&P 500 itself*. Following the literature, we exclude
dividend futures with maturities beyond seven years, as they are less liquid. Consistent with our

theory, the correlation between the return on our non-dividend paying stock portfolio and the return

4The availability of individual stock price data in daily CRSP is different from that in TAQ so the set of firms in
the portfolio can be different.



Figure 2.1: Number of Firms
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Notes: The figure plots four annual series over 1994-2024. The solid line is the total number of firms in CRSP. The
dotted line is the number of firms that had paid no dividend from listing through the end of that year. The dashed
line is the number of firms that pay no dividend at any point in 1926-2024. The dash-dotted line is the number of
firms whose 10-K for that year states that they do not anticipate paying dividends in the foreseeable future. For
clarity, all classifications in this figure are contemporaneous. For empirical analysis, we lag these classification by one
year to avoid using look-ahead information in forming the portfolios.

on the tail-dividend claim is higher than its correlation with the S&P 500 index itself.

Table 2.1: Correlation with an alternative proxy

In R5T In ROF In R™ S& P500
(1) (2 3) (4 (5)  (6) (7 (®)
FOMC  0.93 0.93 0.92 0.90
All days 0.90 0.90 0.90 0.87

N 101 3154 92 2893 87 2723 238 8816

Note: The table reports the correlations of the log daily return of the non-dividend paying stock portfolio In RZ with
the log daily return of an alternative proxy constructed using the S&P500 and dividend futures. The last row of the
table reports the number of observations available in the sample to compute the correlations.

We prefer the non-dividend-paying portfolio to the synthetic tail-dividend claim for several
reasons. First, stocks are far more liquid than dividend futures, and their prices are available at high
frequency, which improves data quality and is crucial for high-frequency identification. Second, our
theory requires long-maturity dividends. The duration of the non-dividend-paying stocks is likely
to be much longer than the synthetic tail-dividend portfolio. Finally, as shown in Table 2.1, data

coverage is also substantially better for the non-dividend-paying portfolio.



2.3 Testing the independence hypothesis

Following the literature on high-frequency identification (see, for example, Giirkaynak, Sack, and
Swanson (2005)), we examine asset returns in a short window spanning from 10 minutes before
to 20 minutes after each FOMC announcement. Our sample covers the period from February 4,
1994, when the FOMC began publishing its federal funds rate target decisions after each meeting,
through December 13, 2023. It comprises 239 scheduled meetings over this period. We obtain the
intraday price data for individual stocks from TAQ and for 30-year T-Bond futures from Tick Data.
We aggregate the tick-by-tick price data to the minute level by taking the median of all prices
within each minute. We define the closest available minute-level prices 10 minutes before and 20
minutes after the announcements on FOMC days as the pre- and post-announcement prices. Then,
we compute the announcement returns as the log price difference for the 30-year T-Bond futures
and each stock. To compute the value-weighted announcement return on the non-dividend-paying
portfolio (In R%), we use the market value of each stock in the portfolio at the end of the last
trading date as the weights.

A necessary condition for the absence of a long-run impact of monetary policy, as suggested
by Claim 1, is that the coefficient 51 in the regression of long-term equity return on the long-
term bond return is one. Table (2.2) formally test this necessary condition for the independence
hypothesis, using our constructed series of In R%y and In R%. The point estimate of 31 is 0.24 and
the 95% confidence interval is [0.11,0.38] with an adjusted R? of 0.04. A formal t-test of the null
hypothesis Hy : f1 = 1 produces a test statistic of —11.20. This evidence suggests the realized
announcement returns on long-term equity and the long-term bond are far from being perfectly
correlated. Therefore, the hypothesis that monetary policy has no long-run impact is strongly
rejected by the data. In what follows, we discuss the quantitative magnitude of this long-run

impact.
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Table 2.2: Testing the Independence Hypothesis

In R
(1) Benchmark  (2) 10-K
In R% 0.24 0.22
[0.11,0.38] [0.09, 0.35]
Adj. R? 0.04 0.03
Ho : 51 =1
t-test —11.20 —11.65
N 239 231

Notes: The table reports OLS estimates of the regression In R = o + 1 In R% + u on returns measured over the 30-
minute window (-10 to 420 minutes) around FOMC announcements. Column (1) uses the benchmark long-term equity
portfolio, formed from firms with no dividend history as of the formation date. Column (2) uses the portfolio of firms
whose 10-K states that no dividend is anticipated in the foreseeable future. Under the independence hypothesis, the
long-term equity and long-term bond portfolios earn the same announcement return, for which 81 = 1 is a necessary
condition. The row labeled t-test reports the statistic for Hy : 81 = 1. 95% confidence intervals are reported in
brackets. The sample is scheduled FOMC announcements from February 1994 to December 2023. Standard errors
are Heteroskedasticity-robust.

2.4 Expected long-run growth under the long-run risk-neutral measure

Figure 2.2 displays the constructed series of In R — In R%. As shown in Table (2.3), the mean
of In R — In R% is close to zero, consistent with its interpretation as a measure of innovations in
expectations. The standard deviation of innovations in growth-rate expectations under long-run
risk-neutral measure in our sample period is about 60 basis points, slightly higher than that of the
S&P 500 futures return in the same window, 51 basis points, indicating a sizable permanent impact

of monetary policy announcements.

Table 2.3: Summary Statistics of key variables

Panel A Panel B

(1) (2) (3) 4 ()
InRY —InR¥ WmRY IRy  MPS CBI

Mean —-2.17 —1.67 0.50 -0.19 —-0.38
SD 62.19 52.75 45.94 4.72 2.72
25th —27.75 —28.42 —19.87 -2.32 -1.79
75th 29.60 26.61 16.23 2.12 1.19
AC —0.05 -0.04 —-0.07 —-0.18 0.12
Skew —0.72 —0.10 2.66 -0.59 —-0.80
N 239 239 239 239 239

Notes: The table reports the summary statistics of key variables in the 30-minute window around the scheduled FOMC
announcements from 1994/01/01 to 2023/12/13. Panel A presents summary statistics for the log returns of the long
term equity portfolio (In R%), 30-year Treasury bond futures (In R%) and the difference of them (In RZ — In R%).
All variables are quoted in basis points. Panel B presents summary statistics for the pure monetary policy surprise
and the Fed information surprise from Jarocinski and Karadi (2020), reported in basis points.
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Figure 2.2: Time series of In R — In R in 30-minute window around announcements
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Notes: The figure plots our measure of the growth expectation revisions under long-run risk neutral measure around
the 30-minute window (-10 to +20 minutes) at each scheduled FOMC meeting. The sample spans 1994/01/01 to
2023/12/13, covering 239 meetings. Growth expectation revisions are quoted in basis points. The horizontal dashed
line represents the case of no revision in growth expectation.

2.5 Relationship with conventional measures of monetary policy shocks

To further quantify the permanent impact of monetary policy, we compare our time series of
In R —In R with other measures of monetary policy shocks, including the monetary policy shocks
of Bauer and Swanson (2023) (BS), the orthogonalized monetary policy shocks of Bauer and Swan-
son (2023) (BS%), and the monetary policy shock (MPS) and the central bank information shock
(CBI) constructed in Jarociniski and Karadi (2020). Table 2.4 reports the correlations between the
measured long run impact of monetary policy, In R —In R%, and the above measures of monetary
policy shocks over the same FOMC announcement window. The correlations between our measure
of long-run impact of monetary policy and BS, BS*, and MPS are all negative, indicating that
surprise interest-rate reductions typically lead to upward revisions of long-run growth expectations.
The CBI shocks of Jarocinski and Karadi (2020) are identified as interest-rate increases associated
with simultaneous stock-market rises. These shocks typically lead to positive revisions of long-run

growth rates as well.
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Table 2.4: Correlations with high frequency monetary policy shocks

MPS CBI BS BS*

(1) (2) (3) (4)

InR¥ —InR¥ —038 052 —0.07 —0.13
In Ry —0.80 0.57 —0.47 —0.49
In RS —0.41 —0.05 —0.44 —0.38

Notes: The table reports the correlations of In R, In R% and In R — In R% with four measures of monetary policy
shocks constructed in the literature. MPS and CBI represent the pure monetary policy shocks and Fed information
shocks from Jarocinski and Karadi (2020). BS and BS™* are two monetary policy shocks from Bauer and Swanson
(2023). BS is the first principal component of the price changes of the Eurodollar futures expiring in the nearest four
quarters. BS is the residual from regressing BS on six macroeconomic variables known prior to the announcement.
All variables are measured in the 30-minute window around the announcements.

To quantify the impact of different components of the monetary policy shock on long-run growth

rates, we estimate the following regression
InRE —InRE = By + S1MPS + 2CBI + u, (5)

where In R — In R is our measure of the long-run growth rate under the long-run risk-neutral

measure limp_, In ( EEE [?;:;]]) . All shocks are measured within the same 30-minute window around
i

FOMC announcements. In the above equation, M P.S and C'BI are the monetary policy shock and
the central bank information shock, constructed by Jarocinski and Karadi (2020), respectively. The
regression coefficients 81 and Py can be interpreted as the impact of M PS and CBI on long-run

growth expectations, respectively. The regression results are reported in Table (2.5).
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Table 2.5: High Frequency revisions in long-run growth to MPS and CBI

Panel (A): In R — In R% Panel (B): In RY Panel (C): In R¥
R P € ) R ) R G
MPS —4.24%** —8.31%** —4.08***
(1.31) (0.35) (1.12)
CBI 10.93*** 9.27*** —1.65
(2.18) (0.62) (1.87)
BS —0.86 —4.64"* —3.78"*
(1.04) (0.67) (0.67)
BS+ —1.67 —5.17%*
(1.14) (0.78)
Const. 1.12 -1.83 —-2.49 0.21 0.18 —0.65 —-0.91 2.01
(3.57)  (4.07) (4.08) (1.27)  (3.05)  (3.06) (2.98)  (2.74)
N 239 239 233 239 239 233 239 239
Adj. R? 0.36 0.00 0.01 0.87 0.22 0.24 0.17 0.19

(9)

—3.51"

(0.63)
1.84
(2.83)
233
0.14

Notes: The table reports OLS estimates from regressions of (A) the revisions in long-run growth expectations under
long-run risk neutral measure In R — In R (B) the log returns on the long-term equity portfolio (In R%) and (C)
the log returns on the long-term bond portfolio (In R%’), on the monetary policy surprises. Heteroskedasticity-robust
standard errors are reported in brackets.*p < 0.1, p < 0.05,""* p < 0.01.

We find that a 25-basis-points cut in short rates due to a pure monetary policy shock, on
average, leads to a 4.237 x 25 ~ 106 basis points upward revision in long-run output under long-run
risk neutral measure, and the same magnitude of cut due to the Fed information effect is associated
with 10.926 %25 ~ 273 basis points downward revision (see column 1 in Panel A of Table (2.5)). The
slope coefficients are highly significant and the adjusted R? is about 0.36, which is in contrast to
the insignificant coefficients and near-zero adjusted R? obtained from regressions that directly use
raw high-frequency changes in short rates (see columns (2) and (3)). Our results indicate that pure
monetary policy is not neutral in the long run and Fed announcements contain information about

long-run output. Table 7.2 in the Appendix provides a robustness check using the 10-K portfolio.

2.6 Decomposition of the long-run impact

Having documented the sizable long-run impact of monetary policy, we further decompose this
long-run impact into news about long-run consumption growth and the long-run risk premium. As

shown in Ai and Fu (2026), news about long-run consumption growth can be approximated by

lim EYr| Xipn] RN RE A
Toee B Ve Xi] exp (E}”:l w; (”Aa - ni))

where R, A = limp o0 In % is the gross return on long-term equity over the time interval
[t,t + A, ng = {nj (X):j=1,... m} is a set of predictors of the long-term equity return and w =

{wj 1 j=1,...,m} is the set of weights associated with each predictor. Under rational expectations,
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E[Yr|Xiyal

E[Y2[X,] has to be a multiplicative

the update of the belief on the long-run growth limp_, .

martingale.
oo}
Ey Eria : = e
o (s (1))

Motivated by this, we estimate the set of parameters {p,w} using GMM based on the following

moment conditions

[o.¢]
Et+A
m I T
exp <Zj:1 wj (”t+A ”t))

where Z; € F; is a set of instruments measurable at time t.

E —e"2 | Z| =0

Given our focus on high-frequency announcements, the predictors should have high-frequency
data available. As a result, we pick the log VIX and the credit spread (Baa - Aaa) as the predictors
in ny;. We obtain their daily series from FRED and construct monthly series using the last daily
observation of the month. We estimate the weights w at monthly frequency since identification
requires predictability. Table 2.6 shows the estimation results from the two-step GMM. The negative
values of the both weights reflect that a positive unexpected increase in either VIX or credit spread
is associated with positive discount rate news for long-term equity. The J-test has a p-value of 0.22,

so the overidentifying restrictions are not rejected.

Table 2.6: Two-step GMM

Wy Ix wes P
—0.066 —14.06 0.0068***
(0.05) (9.10) (0.0026)

J-test
p-value 0.22
N 419

Notes: The table reports two-step GMM estimates of p and w = (wvrx,wcs). The predictor nt are the log VIX and the
credit spread (Baa-Aaa). The instrument vector is Z; = (1, log VIX:,CS:, RE ,, Rf’t)7 so the model is overidentified

with two degrees of freedom. The first-step weighting matrix is (ZTZ /T)_1 and the second-step weighting matrix
is the Newey-West HAC estimator with a bandwidth of five months. The sample is monthly from Feb 1990 to Dec
2024. *p < 0.1,"" p < 0.05,""* p < 0.01.

Over the short announcement window, we can measure the changes in the long-run growth

expectation (ng) and long-run risk premium (7%p) respectively as

E,[Yr
nor = hm lnEt_[[Y; In RE — Zw]( n7>

*

o _ 7 Et [YT] 00
_”RP—Tllféo(lnEt[YT] lEt— > Z%( —nt) In RS
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As shown in equation (3), our measure of the long-run impact of the announcements can be

additively decomposed into this long-run growth expectation and the long—run risk premium com-
E*_[Y;

ponent In Ez%% = ngr — Npp- As a result, its variance can be decomposed into two covariance

components

E [Yﬂ) ( B Y7 > Er Y7
Var ([In—=t——=) =Cov [ In -——=,7%% | + Cov [ In =——=, —n%
( E,~ (V7] By~ [vr]"" By [ve] "
Table (2.7) reports the decomposition. Long-run cash flow news covaries positively with the long-
run impact and long-run risk premium news covaries negatively, which is consistent with the theory.
We find that about half of the variance comes from long-term cash flow news and the other half from
changes in the long-run risk premium. These two components are constructed from our measure of

the long—run impact over the announcement window, the weights estimated in Table (2.6), and the

daily changes in the VIX and the credit spread around each announcement.

Table 2.7: Variance decomposition of the long-run impact of the announcements

B 1] B Vil o B Vi]
Var (ln m) COU (ln m, 7’]CF> COU <ln m, —77RP>
(1) (2) 3
Size 0.387 0.193 0.194
Fraction 1.0 0.5 0.5

Notes: The table decomposes the variance of the long-run impact of an announcement into its cash-flow and risk-
premium components. Sizes are reported in percent-squared. The Fraction row expresses each covariance as a share of
variance of the measure of long-run impact and sums to one by construction. The sample is 239 FOMC announcements
from February 1994 to December 2023.

3 Interpreting long-run impact

In this section, we provide a theoretical foundation for Claim 1 and Claim 2 in Section 2 and discuss
conditions under which the return on the long-short long-term portfolio in 3 can be interpreted as a
subjective belief about long-run growth or the risk premium about long-run cash flow, or both. We
first describe an analytical framework for our analysis based on the setup in Hansen and Scheinkman
(2009).

3.1 An analytical framework

Model setup In this section, we describe a general no-arbitrage asset pricing setup where we
can provide a theoretical foundation for the three empirical exercises in Equations (1), (2), and (3).
Our general setup follows Hansen and Scheinkman (2009) and Qin and Linetsky (2017). Time is
continuous and infinite and prescheduled FOMC announcements are made at time 7, 27,37, ---. Let
X; be a J—dimensional strong Markov process defined on the probability space (2, F, Pr) with an

open and connected state space X C R, and let B; be a K —dimensional Brownian motion defined
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on (Q, F, Pr). We assume that between announcements, for ¢t € (nr,(n + 1) 7), X; is driven by a
diffusion process of the form: dX;; = p; (Xy,t) dt + O']T (X, t)dBy for j =1,2,---J, where for each
J, 0 (X, t) is a K x 1 vector of risk exposure with respect to the vector Brownian motion By, and

the superscript 1" denotes the matrix transpose. In vector notation, we write
dX; = px (X, t) dt + 5% (X4, t) dBy, (6)

where pux (X, t) = [y (Xi, 1), p2 (Xeyt) -y (Xg, 0)]F is a J x 1 vector of drift parameters, and
Yx (X, t) = [o1 (X, t),02 (X, t), - 07 (X, t)] is a K x J matrix of diffusion coefficients. We
allow part of the X; vector to jump at announcement times, 7,27, 37, - - -, and adopt the convention
that X; is right-continuous with left limits. At each announcement time nr, for n = 1,2,---, the
transition probability of X,,; given X, .- = y is given by a Markov kernel @ (y,dx) that does not
depend on n.

We interpret X; as a vector of state variables in an appropriately defined recursive competitive
equilibrium (Mehra and Prescott (1985)). Some elements of X; may be exogenous state variables
such as TFP, or exogenous monetary policy shocks. Part of X; may be endogenous state variables
such as the capital stock of the economy or financial intermediary net worth. We allow some or all
of the elements in X; to be influenced by monetary policy, so that a monetary policy announcement
may result in a discrete jump of X; at announcement points. Let {F; : ¢ > 0} denote the filtration
generated by the history of X, that is, V&t > 0, F; = o ({X 3}2:0). We assume the state variables
are rich enough so that the Brownian motion B; is JF; adapted. Because we allow jumps in Xy,
the history of {Xj }Z:O potentially contains more information than the filtration generated by the
Brownian motion.

To model the periodicity of announcements, we assume that X; is 7 periodic in the sense that
px (x,t) = pux (z,s) and Xy (x,t) = Ex (z,s) if t = s mod 7. We also assume that px (z,t) and
Yx (x,t) are locally Lipschitz on X x [0,00) with Lipschitz constants uniform in ¢. In addition,
¥ (z,t) Sx (z,t) is positive definite for all # € X and all t. Most of our results will extend to the
case where px (x,t) and X x (z,t) are asymptotically periodic but the extension involves significantly
heavier notation.

We assume that all asset prices can be computed by using an F; adapted real stochastic discount
factor (SDF) process, S, where for t € (n1, (n + 1) 1),

dS;

? =T (Xtvt) dt—Ug: (Xt7t) dB, (7)
t

where r (X, t) is the real risk-free interest rate and o% (Xy,t) is the market price of risk, both of
which are assumed to be T7—periodic. We allow S; to jump at announcement times and denote
the joint distribution of (%,Xt—) given X;- as Q (y,d (z,z)). Under this formulation, let fr be

a payoff at time T measured in time-T' consumption goods. The present value of fr as of time
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> The possibility of jumps of S; at

t, evaluated in time ¢ consumption units, is £ [% fT‘ Xt]
pre-scheduled announcement times allows us to model the FOMC announcement premium (Ai and
Bansal (2018)). Let P; be the price of one unit of real consumption goods at time ¢t. We assume that

the dynamics of price level are given by the following diffusion process with 7—periodic coefficients

dP;

? = W(Xt,t) dt‘f‘O’Zj (Xt,t) dBt (8)
t

Under the above setup, {%} is the nominal SDF. That is, if fr is a time-T payoff measured in

dollar terms, then F [Ssq;ﬁf fT‘ Xt} is the (nominal) price of the payoff at time ¢.

We assume that real aggregate output is also F; adapted, T—periodic, and given by

dYy

7t = Uy (Xt,t) dt-O’% (Xt,t) dBt (9)

The aggregate stock market is a claim to the following dividend process, D; = ¥ (X;) Y; measured in
real consumption terms, where ¥ (X;) is bounded. Because we are interested in the long-run behav-
ior of dividends and output, the functional form, D, = ¥ (X;) Y}, effectively imposes that aggregate
dividends and aggregate output are co-integrated. We maintain this assumption throughout.

We think of the dynamics of the SDF in (7) and price level in (8) and those of output in (9)
as equilibrium outcomes. The impact of monetary policy is modeled through the dependence of
asset prices, r (X¢, t), og (X, t), inflation, 7 (X3, t), o (X¢,t), and output dynamics, py (X, t) and
oy (X, t) on the state variable X;. To emphasize the dependence of prices on the state variable X,
we augment our notation for the price of a zero-coupon inflation-protected bond with maturity T°
at time ¢ as b (t,7T| X), that is,

St/Pr
St/ Py

b(t,T]Xt):E[ PT‘Xt} ,

and the price of tail dividends with maturity 7" as V (¢, T| X;):

> Srtu/Priu

Pri.D d
:0 St/Pt T+uldT+,aU

V(t,T|Xt)=EUu

x].

In our formulation, although the underlying state variable X; may contain jumps at 7,27, 37, - - -,
we have assumed that, P;, and Y; both have continuous paths. The continuity of P; and Y; are
reasonable because inflation and changes in aggregate output over a short FOMC announcement
window are negligible. The continuity assumption on Y; and P; allows us to capture the con-
trast between the fact that over a short FOMC announcement window, macroeconomic quantities
change very little, while expectations about the future and forward-looking asset prices can respond

instantaneously, which is the basis for some of the sharp identification results we derive below.

5If ¢ is an announcement time, then the pre-announcement present value is E [ SS—TfT’ Xf} and post-announcement
o

present value is F [SS—::fT’ Xt] .
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Martingale constructions Our setup takes the SDF process (7), the inflation process (8), and
the output process (9) as primitives. In this section, we make some assumptions on these processes
that allow us to use the results from Hansen and Scheinkman (2009) and Qin and Linetsky (2017) to
compute returns on long-term portfolios. To allow for periodically scheduled announcements, we find
it convenient to extend the analysis of Hansen and Scheinkman (2009) to the time-inhomogeneous
case, where the drift and diffusion coefficients in (6), (7), (8), and (9) are allowed to be functions
of t.

We start with a diffusion process M; of the form
dMy = My [ (Xp,t) dt + oy (X, t) dBy] (10)

with 7—periodic coefficients. Suppose there exist a real number p and a strictly positive and twice
continuously differentiable function e (X, t) such that M, = e Fle (X, t) My is a martingale. Because
both pas (Xy,t) and opr (X, t) are periodic, e (X;,t) must be periodic as well. Using M;, we can
construct a new probability on (€2, F) such that expectation under the new probability, denoted
EM s defined as E [fr| Xy = FE [MT fT‘ Xt} for all X; and all 7 measurable functions fr. In

M;
the time-homogeneous case of Hansen and Scheinkman (2009), M; is formulated as a multiplicative

functional of X; and {p, e (X, t)} are constructed as the principal eigenvalue-eigenfunction pair from
the solution to an appropriately defined eigenvalue problem. With a slight abuse of terminology, we
will still call p and e (X, t) the eigenvalue and the eigenfunction, as they must jointly satisfy a partial
differential equation similar to that in Hansen and Scheinkman (2009). Formally, we introduce a

definition of long-term factorization (see also Qin and Linetsky (2017)).

Definition 1. (Long-term factorization)

A diffusion process M; of the form 10 is said to have a long-term factorization if there exists
{p,e(X,t)} such that

1. e(X,t) is strictly positive and twice continuously differentiable and M; = e~*te (X;,t) M, is

a martingale;

2. the inverse of the eigenfunction —— is dominated by a Lyapunov function under the measure

e(Xt,t)
EM,

The setup of Hansen and Scheinkman (2009) requires X; to have a stationary and ergodic dis-
tribution under the probability induced by {Mt} In the time-inhomogeneous case, the ergodic
distribution may not exist. Our condition 2 above adapts the Lyapunov function approach of
Hansen and Scheinkman (2009). As we show in the appendix, it will allow us to compute the price
of long-term assets by using the eigenfunctions in the long-term factorization.

Whenever M; admits a long-term factorization, we can write

1 N
M; = e’ ————M,.
N A
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Here, p is a constant growth rate, and M, is a martingale (the permanent component of M;). In
Hansen and Scheinkman (2009), the eigenfunction e (Xy,¢) depends only on the time-homogeneous
Markov state variable X;. It is the stationary component of M; in the sense that X; has a stationary
distribution under the probability induced by M;. We will keep this terminology and call X X o)
the stationary component. In our setup, X; does not converge to a unique stationary distribution,
but to a family of 7-periodic distributions. In what follows, we assume that both S; and Y; have
long-term factorizations, and denote the corresponding principal eigenvalue-eigenfunction pairs by
(—7,es (X,t)) and (py,ey (X,1)).

The long-term factorization can be used to compute changes in expectations about long-run
growth over short FOMC announcement windows. Using the long-term factorization of Y;, we can
construct the martingale Y, = e Priey (Xt,t)Y; , which allows us to write expected future output

growth as

Yr _ e_”YTey (XT T) Yr 1
E 2L py (T—1) X, E J X
' [Yt] ‘ or (Xut) erviey (X, )Y, ey (Xp,T)| '
martingale
A 1
=Py (T—1) X VEY | —————— | Xy | . 11
€ ey ( tsy ) ey (XT, T) t ( )

The assumption of long-term factorization allows us to conclude the convergence of the term
EY [W’Xt} — fey W mod 7 (dy), where the limit does not depend on X;. Here,

{wt}te [0,7) is a family of stationary distributions to which X; converges under the probability

EY. As a result, beliefs about long-run output can in general be written as e ?¥ TV, [%

ey (Xe,t)Y; [ mﬂ"f mod = (dy), and the update of belief about the long-run level of GDP at

time 7', before and after an FOMC announcement, can be written as:

| -

o Eilr) ey (Xut)

TS0 By- [Y7] ey (X, t) (12)

The continuity of Y;, that is, the fact that Y,- = Y; implies that computing the update of belief
about long-run growth is equivalent to computing the eigenfunction ey (X, t).
We will use a similar decomposition of the SDF to relate the update of expectations to asset

returns. Given an SDF S; that admits a long-term factorization, we can write
Si = e "es (X, t) St (13)

which decomposes the SDF into a constant discount rate 7, a transitory component eg (X¢,t), and
a permanent component S,. Following Borovicka, Hansen, and Scheinkman (2016), we will call the

probability measure induced by S, the long-run risk-neutral measure. Using this construction, we
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can compute the price of a zero-coupon inflation-indexed bond with maturity T as:

b(t,T!Xo:PtE[ST
5

el Sres (Xr,T) 1
et Sies (X, t) es (Xp,T)

~
martingale

Xy

Xt} = e T eg (Xy,t) PE

7T
The term %SS&(S) is a martingale by Equation (13). This allows us to write the price of the

long-term bond as e "T~teg (X4, 1) PES [m’ Xt], where ES is the expectation induced by
long-run risk-neutral probability. Condition 2 in the definition of long-term factorization allows us

to compute the bond price for large T as:

) R 1 1
lim T Db (¢, T|X;) = eg (X;,t) P lim B° | — | X;| = XtP/ o dr) .

T—o00
(14)
The above construction allows us to write the return on a long-term inflation-protected bond from

time t~ to t as:

b(t,T|X es (X, t

A b(t(,T|| Xi)_) = ef&f_,f)' (15)

This result is due to Alvarez and Jermann (2005): the return on long-maturity bonds is determined
by the transitory component of the SDF.

If we assume that the product S;Y; also admits a long-term factorization with an eigenvalue-

eigenfunction pair (psy,€sy), we can compute the present value of a zero-coupon equity paid at

time 7', that is, the time-¢ price of a one-time aggregate dividend payment of Dy = Y (X7p) is

STYT _ MT ¢(XT)
P,E X7)| X;| = ersv T Vegy (Xy,t) PYE | — ——17__| X,
t t|: s, 1/1( T) t} € eSY( t;) t¥t MteSY(XTvT) t
Under the assumption of long-run factorization,
Y.
e s (TP, [ST L (X7) Xt] Sesy (X ) P [ LW @) (16)
esy (y,T)

where M; = e PsvlS,Yeqy (X,t) is the martingale constructed from S.;Y; by using (13), and
TT mod + 18 the corresponding measure constructed from Condition 2 of the definition of long-term
factorization. In the appendix, we show that a similar calculation also holds for the tail dividend

claim, and, as a result,

lim V(t,T|Xt) . esy (Xt,t)

= . 17
PRV, T1X)  esy (X ) 1)

3.2 The independence hypothesis

In this section, we provide a rigorous statement for the independence hypothesis in Claim 1 and

provide a formal proof. We start with an SDF process S; and an output process Y;, both of which
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are assumed to have long-term factorizations. Because Y; admits a long-term factorization, we
can always decompose it into a transitory component and a stochastic growth component. Our
independence hypothesis states that there exists one such decomposition such that the stochastic

growth component is independent of the SDF.

Definition 2. (The independence hypothesis) There exists y (X¢,t) such that m}ﬁ is indepen-
dent of S;.

Whenever the independence hypothesis holds, we can write Y; as Y; = y (Xy, ) Y;, where Y,
represents the stochastic growth component of ¥; and is independent of the stochastic discount factor
St. In the textbook versions of the New Keynesian models, for example, Gali (2015) and Woodford
(2003), the independence hypothesis holds because Y; itself is stationary. Another example where
the independence hypothesis holds is that after detrending by some constant growth rate g, e 9'Y;
is stationary. That is, the long-run growth rate of Y; is a constant g. In general, by varying
the functional form of y (X;,t), we can eliminate a transitory component of Y; as an arbitrary
function of (Xy,t), and the residue, th contain stochastic growth that cannot be eliminated
by using stationary processes in the form of y (Xy,¢). We think of the state variable X; as capturing
the impact of monetary policy, which may impact the real stochastic discount factor S;. The
independence hypothesis formulated above allows the state variable X; to drive the comovement
between the transitory component y (X;,t) and the stochastic discount factor S; but requires the
stochastic growth component Y; to be independent.

Our proposition below states that whenever the independence hypothesis holds, the return on
the long-term bond and that on long-term equity must be perfectly correlated over short FOMC
announcement windows. As before, we assume that both S; and Y; admit long-term factorizations.
We denote eg (Xy,t) and y (X, t) as the associated eigenfunctions in their long-term factorizations,
E* as the measure induced by the martingale S, and EY as the measure induced by the martingale
Y;.

Proposition 1. (The independence hypothesis) Under the independence hypothesis, assume that

% is dominated by a Lyapunov function under the measuz"e ES and m 1s dominated
by a Lyapunov function under the probability induced by the Y martingale, then
: V(taT’Xt) b(th’Xt) : E[YT|Xt]
| n————— —In————— 7 =1 In —————= > =0. 18
Tl—rgo{nV(t_,T|Xt—) Ch, T X, ) T roee | E [V X, (18)
Proof. See Appendix 5.2. O

As a result, an imperfect correlation between the long-term bond and the long-term equity
return, as we documented in the previous section, rejects the independence hypothesis. It is impor-
tant to note that our independence hypothesis is formulated in terms of stochastic discount factors.
It rules out the subtle case where monetary policy does not directly affect the stochastic growth
component, Y;. However, it is correlated with other elements of the state variables in X, that affect

the co-movement between S; and the long-run growth Y;. To understand these more complicated
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cases, we need to study the correlation structure between the martingale components of S; and Y3,

which we turn to in the next sections.

3.3 Expected growth under the long-run risk-neutral probability

As we show in Section 2, empirical evidence strongly rejects the independence hypothesis. In order
to account for the responses of long-term assets over short FOMC announcement windows, we
need models with stochastic growth, which allow for a nontrivial impact of monetary policy on the
long-run levels of output. In general, we can interpret the return on the long-term portfolio as a
quantitative measure of the long-run impact of monetary policy. In this section, we provide a proof
for Equation (2) in Claim 2, which states that the return on the long-short long-term portfolio can
be interpreted as the change in the expected long-run level of output under the long-run risk-neutral
probability.

Let eg (X¢) be the principal eigenfunction of S; and 7 be the corresponding eigenvalue; that is,
e"teg (X;) Sy is a martingale, and the distribution of X; is stationary and ergodic under the probabil-
ity induced by S, = e"eg (X;) S;. The probability induced by S, is called the long-run risk-neutral
probability by Hansen and Scheinkman (2009) and Borovicka, Hansen, and Scheinkman (2016). The
following proposition relates the return on the long-short long-term portfolio to expected long-run

growth under the long-run risk-neutral probability.

Proposition 2. (Expected growth under the long-run risk-neutral measure)

Let t be an FOMC announcement, and assume that S¢, Yy, and StY; all admit long-term factor-

1zations.
. V(t,T|X) b(t,T| X1) } . B [Yr| X))
lim <In —1In =lmn| —/—"—"-—"7-——1, 19
Mo{ VETIX ) b T X ) ) roe B [vel X, ] (19)
where ES denotes the expectation under the probability induced by S,.
Proof. See Appendix 5.2 O

Proposition 2 implies that the response of the long-short long-term portfolio over a short FOMC
announcement window can be interpreted as the revision in expected long-run growth under the
long-run risk-neutral probability. As shown in Equation (3), our measure of the long-run impact,
in general, contains both expected long-run growth under the subjective probability and risk com-
pensation for long-run growth. To provide guidance for structural models of the long-run impact
of monetary policy, in the rest of this section, we provide sufficient conditions under which the risk
premium term is zero and (19) can be interpreted as an update to subjective beliefs about long-
run growth. We also give examples where risk premium may be important when these sufficient

conditions fail.
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3.4 Subjective belief about long-run growth

In this section, we first provide a necessary and sufficient condition under which the return on
V(+AT) ) bE+AT)
VEeT) b(t,T)
expectations about long-run growth. We then give several examples of structural models where this

the long-short portfolio, In , can be interpreted as the update to investors’

sufficient condition is met.

A necessary and sufficient condition Suppose the equilibrium price and quantity dynamics
of a stochastic growth model are described by the general setup of (6), (7), and (9). We assume
that the real SDF admits an eigen pair {7, egs (X)} and the real output process admits an eigen pair
{py,ey (X)}. Given the principal eigenfunctions, we can construct martingales S; = e™eg (X;) S;
and Yt =e Priey (Xt) Y:. Our necessary and sufficient condition is stated in terms of the quadratic

covariation of S; and Y;.

Proposition 3. (Deterministic covariance condition)

Let {—7,es (X)} and {py,ey (X)} be the principal eigenvalue-eigenfunction pairs of Sy and Yy
in their long-term factorizations. Let S, and Y; be martingales constructed from (13). A principal
eigenfunction of SiY; can be constructed as egy (X,t) = es (X) x ey (X) F (t) for some periodic
function F (t) if and only if

d <S Y>
¢
X7 (t) (20)
for some f (t). In this case, F (t) = F (t mod 1), where F (t) = Foekt_fot FG)s fort € [0,7), Fo >0

18 an arbitrary multiplicative constant, and X is given by:

L[ e m 0o 000w d2)

es (z,t7) ey (z,t7)

Proof. See Appendix 5.3. O

Suppose the eigenfunction for S;Y; is of the form egy (X,t) = eg (X, t) x ey (X,t) F'(t), then
the return on the long-term portfolio over a short FOMC announcement window is:
Vv (t T)/b(t,T) es (Xy,t)ey (X, t) F (t) Jes (Xy,t) ey (Xy) F(t)

PRV &) b (t,T) o5 (Xe D) ey (Xe 0) F (1) fos (X)) ey (X ) F (1)

If F (t) is continuous, then the return on the long-term portfolio over a short FOMC announcement

window, limp_ 4o %, is exactly the update to investors’ beliefs about the long-run impact

of monetary policy, imr o % ‘D[;F]], by (12). In general, the jump in F (¢) may reflect a periodic
announcement premium. After subtracting the announcement premium, we can use the return on
the long-term portfolio to recover investor belief about the long-run impact of monetary policy.

In what follows, we will provide several examples of equilibrium models where condition (20)
holds or approximately holds. Our first example is a model of the macroeconomic announcement

premium taken from Ai and Bansal (2018).
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Example 1. (A log-linear example)

Section 5 of Ai and Bansal (2018) presents a continuous-time model with macroeconomic an-

nouncements and recursive preferences. The aggregate endowment follows

c, = zydt + 0dBc, (21)
Ct

where x; is an Ornstein—Uhlenbeck process of the form:
dzy = a(Z — xy) dt + 0,dBg y, (22)

and Bc; and B ; are independent standard Brownian motions. The true value of z; is not ob-
servable, but investors can learn about z; through two sources. First, investors can update their
beliefs about x; through their observations of Cy. Second, pre-scheduled FOMC announcements
at t = 0,7,2T,--- fully reveals the true value of x,r at the time of the announcements, for
n=0,1,2,---. Investors update their beliefs about x; based on the observed realizations of aggre-
gate endowment and the FOMC announcements using Bayes’ rule. Because announcements fully
reveal x; at nT, the mean and variance of the posterior distribution of z;, denoted (Z¢, q;), are set
to (z4,0) at t = 0,7, 2T, ---. After announcements, because z; follows (22), #; and z; diverge, and
the law of motion of (24, q;) follows a Kalman filter, which we describe in Equations (40) and (41)
in Appendix 5.4.

The representative investor has a recursive preference with risk aversion + and a unit IES. Using
the results from Ai and Bansal (2018), for t € (nT, (n + 1) T), the SDF takes the form of

dS, = S, [—r (#0,1) dt — o5 (1) dBt] ,

where r (#,t) = B+ 2 — yo? — Vléq (t), and og (t) = yo + L0 4® " On the boundary,

a atf o
_ 2 _ — ~ ~—
Sur _ ~3(258) aloT )35 (i)
SnT
In the above setup, we consider a levered claim on aggregate consumption Y; = C? for some b > 0.
In this example, the SDF is discontinuous at announcement times and generates a non-trivial
announcement premium. In Appendix 5.4, we show that this example satisfies a more general
version of condition (20) that includes jumps in the stochastic discount factor. We also show in the

same appendix that the three eigenfunctions take the exponential linear form of:

Litgp(t)

_ b b—1 4
es (i,1) = oy (), o5y (1)

, ey (i‘,t) = eazx , egy (i,t) = € %z .

As a result, the return on the long-term portfolio over an announcement window is given by:

esy (Z1,t) /es (21,t) g(xtf:i;)fé(g)theg(%-FZ;};)% (23)
€esy ('@t* 5 t_) /85' ('%t* ) t_) ’




at t =0,T,2T,--- . The first component in (23) is a martingale component and equals the update

to expected long-run economic growth:

or (@l (a4 (2)
€y (ajt_ 9 ti)
b (l+ﬁ>(h . . . .
The second component, e\ " «+8/% ig the announcement premium for the long-term equity. In this
example, the update of belief about long-run economic growth can be recovered from the return on
the long-term portfolio by subtracting an announcement premium component, which is predictable

using pre-announcement information.

Example 2. (Constant nominal rate)
Our second example makes the following assumptions on the joint dynamics of the SDF and the
state variable Xj;.
AssumMPTION 1: Constant real interest rate: r (X;,t) = r, where r is constant and og (Xt)T 0j (Xy) =
0 for all j.
The above assumption requires that changes in the monetary policy relevant state variable X;
have no impact on either the risk-free interest rate component or the Brownian motion component
of the SDF. Our second assumption requires the covariance between the growth rate and the SDF
to be a deterministic function of time.
ASSUMPTION 2: o (X;)" oy (X;) = —f (t) is deterministic.
Under the above assumptions, the eigenfunction of the SDF, eg(X;,t), is a constant. The
covariance condition (20) becomes:
d <S’7 Y>t T
W =— [as (X, t) oy (X, t) +

DXe/Y (Xt, t)

oy Koy 08 Kot Ex (X1)| = =1 (1)

is satisfied.

In this example, the monetary policy state variable X; is allowed to affect output dynamics
in arbitrary ways. However, it does not have an impact on the stochastic discount factor in the
sense that i) the real interest rate is constant and not affected by Xy; ii) the risk premium on
output growth, og (X;)” oy (X;), is deterministic and therefore not affected by X;. In addition, the
above example also requires that the monetary policy state variable Xy is not correlated with the
stochastic discount factor in the sense that og (X;)* = (X;) = 0.

Essentially, under the above conditions, the return on the long-term portfolio, limp_, o %,
fully recovers investors’ belief about long-run growth because monetary policy has very limited
impact on the long-run risk-neutral probability in a way that expected changes in the long-run
risk-neutral probability coincides with expected changes in investor belief. The assumption that
monetary policy does not impact the real interest rate is perhaps uninteresting given that it often
does through general equilibrium mechanisms in models where it has a non-trivial real impact. The

section below provides a class of heterogenous agent models where monetary policy is allowed to
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have an impact on the SDF and yet limp_ o Vv(t’T)/ b(t.T) fully recovers investors’ belief about

(t=,1)/b(t=,T)
long-run growth.

Heterogenous agents In this section, we show that the conclusion of Proposition 3 is robust
to environments with heterogeneous agents under the assumption of expected utility. In repre-
sentative agent models, individual consumption is the same as aggregate consumption, and the
stochastic discount factor processes constructed from all agents in the economy are identical. While
heterogeneous agent models may differ in the details of the economic mechanism of heterogeneity,
such as limited stock market participation (Basak and Cuoco (1998)), financial intermediation (He
and Krishnamurthy (2013)), and dynamic agency such as limited commitment (Ai and Bhandari
(2021); Alvarez and Jermann (2000)), the common feature of the above models is that the stochastic
discount implied by the marginal investors who actively participate in trading and the stochastic
discount factor implied by a hypothetical investor who consumes the aggregate consumption dif-
fer. In what follows, we present an irrelevance result: we show that heterogeneity does not affect
the applicability of Proposition 3 as long as the consumption share of the marginal investors as a
fraction of aggregate consumption is stationary under the assumption of CRRA utility.

We start with an output process Y; that has a long-term factorization with {py, ey (X, )} as the
eigenvalue and eigenfunction. We assume that all agents in the economy have CRRA utility of the

form E { i efﬁtﬁ(}’tl “7dt|, where v is the risk aversion and 3 is the discount rate. We assume that

the SDF implied by the aggregate consumption, S; = e‘BtC’t1 ~7, has a long-term factorization with
eigenvalue —7 and eigenfunction eg (X,t). We also assume that the SDF implied by the average
investor, Sy, satisfy the conditions in Proposition 3, but allow the consumption share of the marginal
investors to depend on the Markov state variable X; through an arbitrary function A (X, t). We

state all formal results as follows.

Proposition 4. (Irrelevance of heterogenous agents)
Let S; be the SDF implied by aggregate consumption and assume that {S;,Y;} jointly satisfy
Condition (20) of Proposition 3 so that

esy (X,t) =es(X) x ey (X) F (¢) (24)

for some periodic function F (t). Let \(Xy,t) be the consumption share of the marginal investors.

The SDF implied by the marginal investor’s marginal rate of substitution also satisfies (24).

The above proposition can be phrased intuitively: heterogeneity does not impact the permanent
component of SDF under expected utility. In heterogeneous agent models, the consumption of the
marginal investor differs from that of the average or aggregate investor. Heterogeneity can therefore
be an important mechanism that impacts the volatility of SDF as shown in the above literature.
However, under expected utility, heterogeneity will not impact permanent component of the SDF,
and therefore, it will not impact the validity of using the return on the long-term portfolio to

measure expected long-run growth.
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4 Conclusion

This paper proposes an asset-pricing test of the independence hypothesis and a quantitative measure
of the long-run impact of monetary policy. Building on the operator approach of Hansen and
Scheinkman (2009), we show that the difference between the log returns on long-term equity and the
long-term bond over a short FOMC announcement window differences out the common discount-rate
component and identifies the long-run impact of the announcement under the long-run risk-neutral
measure. Under the independence hypothesis, these two returns are perfectly correlated. We find
that the data strongly reject this hypothesis. We further provide conditions for the measure to
coincide with the revision in expected long-run growth under investors’ subjective beliefs. Applying
the measure, we find a quantitatively large long-run impact of monetary policy: a 25-basis-point
expansionary monetary policy shock and a 25-basis-point central bank information shock—identified
following Jarocinski and Karadi (2020)—are associated, on average, with roughly 100-basis-point
and 250-basis-point upward revisions in expected long-run economic growth under the long-run
risk-neutral measure, respectively. Under the assumption of rational expectations, we decompose
the measure into long-run cash-flow-expectation and long-run risk-premium components and find

that each accounts for about half the variance of the measure.
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5 Appendix

5.1 Long-term factorization

In this section, we first provide a general result for multiplicative functionals that admit a long-term
factorization. We first state two lemmas, one from Hairer and Mattingly (2011) and the other from
Friedman (1975), which we will use to prove our main result.

Hairer and Mattingly (2011) consider a discrete time Markov process. They start with (X, 5),
a measurable space with P, a Markov transition kernel defined on it. The convention is that P
induces an operator on the space of functions, (Py) (z) = [ ¢ (y) P (z,dy), and an operator on the
space of measures by (uP) (A) = [ P (z, A) p(dz). HM make two assumptions in order to establish
their contraction result. The contraction result is stated in their Theorem 1.3; the existence of the
invariant measure and its moment bound are in their Theorem 1.2 and Section 3.1.

ASSUMPTION 1 (geometric drift): There exist a function V' : X — [0, 00) and constants v € (0,1)
and K > 0 such that

(PV)(z) <AV (z)+ K for all z € X. (25)

ASSUMPTION 2 (minorization on a level set): There exist a € (0, 1), a probability measure v,

and a level R > % such that
P(z,:)>av(-) for all z with V' (z) < R. (26)

Lemma 1. (Hairer and Mattingly (2011), Theorem 1.3) For ¢ > 0, define the weighted total

variation distance
/ edpn — / pdpi

Suppose Assumptions 1 and 2 hold. Then, for any agy € (0,«) and vy € (’y + %, 1), setting

. (27)

pcmpa) = [ (1 €V (@) i = pa (do) = sup
o] <14V

ap
K’

2+ R(vo

¢= 2+ RC

}6(0,1),

d:max{l—(a—ao),
the kernel is a strict contraction:
pc (1P, poP) < ape (e, p12) for all probability measures p1, po with /Vdui < 0. (28)

Consequently, since the space of such measures is complete under pc: P has a unique invariant
probability measure 7; [Vdr < %; and pe (WP",m) < &"p¢ (1, ), that is, geometric convergence

i V -weighted total variation with completely explicit constants.

Assumption 2 above requires a verification of minorization on a level set. In the context of
our problem, we use the following result. Part i) of the theorem below follows from the classical

parabolic estimates in Friedman (1975); part ii) follows from part i) by a compactness argument.
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Lemma 2. (Friedman (1975)) Let X; be a diffusion on X C R? of the form
dX; = px (Xy,t) dt + X% (X4, t) dB;, te[0,T],

where px (z,t) and Xx (x,t) are locally Lipschitz on X x [0,T], £% (z,t) x (2,t) is positive defi-
nite for all (x,t), and X neither explodes nor exits X. Then i) for all 0 < s <t < T, Py (z,dy) =
Dst (x,y) dy, where the density (s,t,xz,y) — psy (z,y) is jointly continuous and strictly positive; and
ii) for every compact set C C X and everyty > 0, setting k = min {ps (z,y) : t —s > tg, z,y € C} >

0, a = kLeb (C), and v the uniform distribution on C, we have
Py (x,A) > av (A) for allx € C, all (s,t) witht —s>ty, and all Borel sets A.

We are now ready to state our main proposition that provides a sufficient condition for the

convergence results for the pricing of long-term assets, such as (14) and (16).

Proposition 5. Let 7 > 0 and let Xy be a right-continuous process under probability P such that
on each interval (nT,(n+1)7), n=0,1,2,---, X} is a diffusion process on X of the form (6); and
at each announcement time nt, forn = 1,2,---, the transition probability of X, given X, .- =y
is given by a Markov kernel Q (y, dx) that does not depend on n. Assume the following conditions
hold.

1) The coefficients px (x,t) and Xx (x,t) are T-periodic in the sense that ux (z,t) = px (z,s)
and Yx (x,t) = ¥x (z,s) if t = s mod 7 and are locally Lipschitz on X x [0,00) with Lipschitz
constants uniform in t. In addition, X% (x,t) Xx (z,t) is positive definite for all x € X and all t.

2) There exists a V € C? (X) such that i) V > 1 and V (z) — 0o as x — X or ||z| — oo; and
it) There exist constants b, 3 > 0 such that L,V (x) < =BV () + b for all x € X and all t.

8) There exists a constant 1 < k < €™ and d > 0 such that for all y € X,

/wx)cz(y,d:c) < KV () +d.

Then there is a T-periodic family of distributions {Wt}te[077), such that the distribution of X
converges to T mod+ as T — o0 and there exist constants C,6 > 0 such that for all f with
(@) <V (@) for allt,

E[f (Xr,T)| X; = 2] — / FWT) T mod » (dy)| < CV (z) e 0T, (29)

Moreover, the family satisfies mg = mo Py s for s € (0,7), where Py s denotes the transition kernel of

the diffusion (6) over (0, s); and the one-sided limit defined as 7. = lim, », s satisfies mo = 7.~ Q.

L rg+d
In addition, supgejo ) [V (y) 7s (dy) < —2=5= -
Proof. Let Py (z,dy), for nt < s <t < (n+1)7, for n = 0,1,2,---, be the transition prob-

ability of the diffusion process (6) with no announcement in between. By the 7-periodicity of

30



the coeflicients, it does not depend on n. This allow us to construct a skeleton Markov chain,

{Xi:t=n1t+s5n=0,1,2,---} for all s € [0,7), whose one-period transition kernel is

Qs - s,TQPO,S7 QO - PO,’TQ‘

Because the coefficients are 7-periodic and ) does not depend on n, QS is a time-homogeneous
Markov kernel.

We first establish that Q, is a contraction on the space of probability measures on X by verifying
the two assumptions in Hairer and Mattingly (2011). The first assumption is the geometric drift
condition (25). Condition 2ii), together with It6’s formula and Gronwall’s inequality, implies that

over any time interval that contains no announcement,

. b
B[V (X7)| X; = 2] < e PTDY () + 5 (1 - e—5<T—t)) . (30)
Composing the three segments of Q (the diffusion of length 7 — s, the jump, and the diffusion of

length s) and using condition 3) together with x > 1, we obtain, for every s,

) b
QsV < ke PV + K, where K 1= HB (1 — e_’BT> +d.
This verifies (25) with v = ke ™57, which is strictly below one by condition 3), where neither « nor

K in the above equation depends on s.

2K
=
by Assumption 2); we need to verify that (26) holds on the sublevel set {z : V (z) < R}. Because
V>1andV (z) > ocasz — dXor |z]| — oo, {z: V (x) < R} is compact. It is also non-empty: if
V (x) > R for all z, then E [V (Xyin,)| X5 = x] > R for all n, while iterating the drift bound above
implies E [V (Xsynr)| Xs = 2] <AV (z) + K/ (1 — ) < R for n sufficiently large, a contradiction.

Under the locally Lipschitz and elliptic condition 1), every kernel Q, contains a diffusion segment

Second, to verify the minorization condition (26), choose an R > max{ } (as required

of duration at least 7/2: the segment Ps . if s < 7/2, and the segment Py if s > 7/2. Theorem
2 applies to that segment, and composing with the remaining kernels preserves the minorization;’
hence (26) holds on {z : V () < R}, and the constants o and v can be chosen independent of s. As
a result, there is a unique Qs-invariant distribution 7, such that the skeleton chain converges to it
in the pe-norm defined in Theorem 1, that is, for any measure p on X, p¢ (u@?, 7T5) < a"p¢ (p,7s)
with @ € (0,1) independent of 5.7

Next, we verify the two identities in the conclusion. For s € (0,7), the measure moFp s is

STf a kernel M satisfies M (x,-) > av (-) for all z in a set C, then for any Markov kernel N, M N (z,-) > o (vN) (-):
a minorization of the leading segment survives composition with later kernels. This settles the case s < 7/2 with
M = P, ; and N = QPy,s. For s > 7/2, first note that starting from any = with V (z) < R, the leading part P, .Q
lands in C' = {V < R’} with R’ = 2[x (R + b/8) + d] with probability at least 1/2 by Markov’s inequality; applying
Theorem 2 to the trailing segment Py s on C’ then yields the minorization with the extra factor 1/2. In both cases
the constants can be chosen uniformly over the phase because the transition densities are jointly continuous in the
phase and the duration.

"& can be chosen independent of s because K, ao, 70, R and o in HM can all be chosen independent of s.
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Qs—invariant. To see this, the Chapman-Kolmogorov equation implies PO,SQS = Py sPs QP s =
Py QP s = QOP(),S, and therefore (m9Fp ) Q, = (7['0@0) Py,s = moFo,s. Since moFy s has a finite V-
moment by (30), the uniqueness of the Q,-invariant distribution implies 7y = moF,s. Letting s 77
and using the continuity of the diffusion transition kernel in the length of the time interval, the
one-sided limit is 7,- = mo Py +; consequently, m, -Q = 7r0P07TQ = 71'0@0 = my. Finally, invariance
and the drift bound imply [V (y)7s(dy) = [QsV (y)7s(dy) < v [V (y)7s(dy) + K, so that

JV (y)ms (dy) < K’y < % for every s.

Finally, to establish (29), we write T'— ¢t = n7 + r with r € [0,7) and let P ;4, denote the
transition kernel of X from ¢ to ¢ + r, inclusive of any announcement in between, which implies
E[f(Xp,T)| X, =2 = [ fd [%E,tw@ﬁr]- Since T mod 7 = (t+r) mod 7, the distribution
TT mod + 1S Qt+T—invariant, so that 7 1od TQ?H =TT mod +- WWe now use the contraction property,

¢ (6x]5t,t+7”@?+m TT mod TQ?Jrr) < 07”/7( (6Ipt7t+’l“7 TT mod 7')7 to compute:

| 1 [Geprn) @ @ = [ £ 0w o @] < [V |[3Psr @] < 71

(dy)
<a" {/ (L+Q)V W) [0cPrtar — T mod 7| (dy)}
@ 1+ { [V aP @+ [V

where the first inequality uses |f (z,t)] < V (z), the second uses the contraction property and the
fact that 1 <V, and the last inequality is due to V' > 0. The interval [t, ¢ + r] contains at most one

announcement, so composing (30) with condition 3) gives

_ b b
/V(y)éxptt—l-r(dy) < KV($)+(1+H)B+dS [/‘6+(1+"6)5+d] Vi(z),
. . L Kgtd Kgtd
where the last inequality uses V > 1. In addition, [V (y) 71 mod r (dY) < o= < o= V (2).

b+d
1—ke=PT

Therefore, (29) holds with C' = %6{_1 k+(1+ /s) +d+ } and § =7"1In(1/a)8 O

The above proposition motivates the definition of Lyapunov functions.

Definition 3. (Lyapunov function)

Let 7 > 0 and let X; be a right-continuous process under probability P such that on each
interval (nT,(n+1)7), n=0,1,2,---, X; is a diffusion process on X of the form (6); and on each
announcement time nr, for n = 1,2, -- -, the transition probability of X,,; given X, .- =y is given
by a Markov kernel @ (y, dz) that does not depend on n. V € C? (X) is said to a Lyapunov function
under probability P with discounting coefficient (8, %) and bound (b,d) if there exist constants
{B, K, b,d} such that conditions 2) and 3) in Proposition 5 holds.

. . . . . . _ _T=t_ 1 T4

8To translate the discrete time discounting to continuous time, we use @" < & = ' = a ‘e = "% =
—1,-5(T—1)
e .

«Q
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5.2 Proof for Propositions 1 and 2

Proof for 1 First, because S; admits a long-term factorization, the time-¢ price of a long-term

)

bond can be computed as (15). Consider the price of zero-coupon equity with maturity 7,

EVTG
}/tG’

StYr

t

—7(T—t) S’T y (XTa T) €3 (Xt7 t)
S, ¥y (Xi,t) es (X, T)

Y (Xr) X

P,E [ ¥ (X7)

Xt:| =PY; {E

The term E [ —m(T=1) gf y(()g(Tf;) eess(éf’T)w (XT)’ Xt] can be computed as:

—F(T—t) STY(XT>T) €s (Xtvt) _ —r(T t)€s (Xta ) Y(XT7T)w(XT)
b Sy (Xed) os (X, 1) T Xt] - s ot s e e RO
(31)

where ES denotes expectation under the probability induced by S,.

y(X7,T)
s(X7,T)

By Proposition 5, F [M‘ X = x} — [ MWT (dy), which does not depend on z,

es(Xr,T es(y,T)
y (X7, 1) (Xr) _
[ os(Xe ) ‘Xt‘ - 5'3}

Under our assumption, 2 is dominated by a Lyapunov function, and v (X7) is bounded.

and the convergence is uniform on a compact subset of X. The same applies to E
Now consider the term
Y Xy, t) Y,
Bl

X
Y© y (X7, T) Y, ]
— 6py(T—t)E [ Yy (Xt7t) ey (Xtvt) }A/T

y (X7, T) ey (X7, T) v; |

- 1
=y (Xi,t) ey (X4, 1) B X¢ . 32
y (Xi,t) ey (X, 1) [y(XT, TYey (Xp,T ' t:| (32)
Because y( X7 T)éy( X T) is dominated by a Lyapunov function under EY, we have EY [ e T);Y X0 T) ‘ Xi==x } —
i yes W, T) 71 (dy), which does not depend on ', and the convergence is uniform on a compact sub-

G
set of X. The same applies to [%‘ X;- = x]
t
Summarizing (31) and (32), we can write the zero-coupon equity price before and after an

announcement as:

Jim P.E [STY%(XT) X, :4 = PY;eley T Veg (/1) ey (2, 1) / AAVILEL A1) ga%y)m (dy)x / MAULILACY ggz%wﬂ
and

S _
Jim PtE[ TYTw(XT) X, :x] = PY v T Veg (2,67 ) ey (z,t7) / YA, 2 )W) S’;Q’%y)w (dy)x / MAULIAAY (js?;/)%g

where due to the continuity assumption on P; and Y;, they are the same before and after announce-
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ments. As as result,

ptE[Sg%w(XT)‘thx’] es (' t) ey (2/,1)

lim = .
T=o p R [Sg%qﬂ (XT)} X, = x} es (z,t)ey (z,t)

Proof for 2 First, under the assumption that S; has a long-term factorization, the announcement
return on long-term bonds is given by Equation (14). In addition, because S;Y; admits a long-term

factorization, the price of a zero-coupon equity satisfies (16). As a result,

y e*PSY(T*t)PtE [%Qﬁ (XT)) Xt:| esy Xt, tf eSY yT 7TT mod 7 (dy)
im = =
T 00 er(T—t)b(t7T‘ Xt) eg (Xt, )f mﬂ'T mod T (dy)

Because Y; is continuous, and f T mod = (dy) do not depend on

es( yT)7TT mod T (dy and f eSY yT)
X, we can write the return on the long-term portfolio over an FOMC announcement window as:

R e ()

b(t, T X+ - es (Xt t

TL)OO V(t_,T|Xt_) o esy(Xt_,t_) ’ (33)
b(t=,T1X,-) es(X,—t7)

Next, the expected value of output at time 7" under the long-run risk neutral measure, ES [Yr],

can be computed as:

E STYT X,| =T VE [eS(XT’)STyT X] — sy )Ty, es (X7,T) ‘SZT esy (X, t) x|
t es (Xta ) St €s (Xtat) SY, esy (XTvT)
where the second equality uses the multiplicative factorization of S;Y;. Because % is domi-

nated by a Lyapunov function,

- FN(T—t) £ - X esy (z,1) es (y,T) |

(psy+P)(T=1) S V| X, — 2] — €sy (x’t)YESY eS( T, T X, — Sy \Z, Y/ > d

e [Yr| X = 7] 763 (1) t 795}/ X, T t=T| — 763 (@, 1) t eS}E (y)’ T) T mod 7 (
34

and the convergence is uniform in z on a compact subset of X. Because Y; is continuous at ¢, we

can use (34) to compute the update of belief about Y7 over an FOMC announcement as

egy (Xi,t)
lim [YT|Xt] _ eS;/(tht) (35)
T—oo BS [Yr| X, ] esv(X-t)’

es(th,tf)

for all realizations of X; within a compact subset of X. We establish Equation (19) by combining
(33) and (35).
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5.3 Proof for Proposition 3

We first derive an expression for d <§ , }7> . Given the eigenfunctions eg (X,t) and ey (X, t), S; =
t

e'teg (X, t) S; and Y, = e Priey (Xt,t)Y; and we can write

DXeg/ (Xt, t)
ey (Xi,1)

d <S y>t _ [Dxes (X1, 1)

S, Y eg (Xt7t)

2 (X,t) — TX,tH X, t) +
Ry x (Xt) —og (Xut)| |oy (X¢,t)

Sx (X,t)} dt = f (t) dt
(36)
by the assumption of Proposition 3.
Because {—7,eg (X,t)} and {py, ey (X,t)} are the eigen pairs of the eigenvalue problems for S;

and Y;. In the interior, eg (X, ) and ey (X, ¢) must satisfy:

_ Dxes (X,1) , 1. [D3%yes(X,t), Dies (X
X,t —_ X, t) — Y% (X,t X t)|4+=tr | =35 (X, ) 2x (X, ) | +——=—
(37)
Similarly,
Dxey (X,1) , 1, [D%yey (X,t), Dey
— X, t)] = —""——+ X, t)+ X% (X, t X, ) |+=tr | —==————L3% (X, t) Xx (X, ¢ _
[pG )UY( a)] ey(X,t) [/LX( a)+ X( 7)UY( ,)]+2T ey(X,t) X( 7) X( 7)+ey(4
(38)
In addition, the martingale condition implies that for all A,
- S,
eg (Xtat) = E |:€rAeS (Xt+A,t -+ A) TS"FA Xt:| s
t

which implies the boundary condition eg (z,t7) = E [eg (Xi,t) Ss—t’ X;- = 1‘} and ey (z,t7) =
-
Eley (Xi,t)| X;- =] for all z € X and for all ¢ =0, 7,27, --

To derive conditions under which {p, es (X)ey (X) F (t)} solve the eigenvalue problem for S;Y;

. . . . Dxles(X)ey (X)F(t)] _
for some p and F'(t), we note that this guessed functional form implies that es(Xey ()P —

Dxes(X,t) , Dxey(X,t) D% (les(X)ey (X)F(t)] _ D%es(Xt) , D¥ey(X,t) , 2Dxes(X,t) DT ey (X t)
st T ertxg o W PERGOFT = es(X) T er(x0 T es(Xder(xa - Lhe

corresponding PDE for

[p+7 (X, 1) — py (X, 1) + 0% (X, 1) 05 (X, )] = [nx (X, 1) + 3 (X, 1) (oy (X, t) —

[DXe (X t) DXey (X t)

es (X, 1) ey (X,t)

} {[Dg(eg (X,t) D_%(ey( ,t)  2Dxeg (X,t) Dkey (X,1)

2 es (X,1) ey (X,t) es (X, t)ey (X,1)
(39)

Using Equations () and () to eliminate terms, we can write the above equation as:

DXeS (X t)
es (X’ t)
F' (t) s {D xes (X,t) Dhey (X, t)
F(t) es (X, t)ey (X,t)

DXeY (X) t)

oy (X.1) ~x (X)os (X1)

p+T—py + ol (X1)os (X, 1) = S (X, 1) oy (X,1) -

+ E’X(X,t)EX(X,t)},
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which can be written as

p+7—py = +f(t).

by using (36).
Therefore, eg (X,t)ey (X,t) F(t) is a solution to the PDE in (39) if and only if F'(t) =
[A— f(t)] F(t) for some A, or F (t) = F(0) M=Jo f(5)ds | The boundary condition as announce-

ment times implies that A needs to satisfy:
Sy

eg (x, tf) ey (x, tf) A=l f(9)ds _ p es (X, t)ey (X,1) 5
Al

th :$:| .

5.4 Details of Examples 1 and 2

Example 1: A log-linear example As shown in Ai and Bansal (2018), the posterior distribution

of x; is a Gaussian distribution with mean 2 and variance ¢q. For t € (nT, (n + 1) T),
diy = a (% — &) dt + LdB,, (40)
o
dCl

where the Brownian motion By is defined as dB; = % |:Ft — ictdt] . The posterior variance ¢; satisfies

a Riccati equation in the form

1
dg; = [05 - 2aq; — quf] dt. (41)

ésnT + q%:%;T}. In addition, ¢; cycles deterministically across

nT
announcements and satisfies ¢: = ¢;(;) with ﬁ = U% + q%.
n S nT

On the boundary, zp = ﬁ [

5.5 Heterogenous agents

{-r,es(X,t)} and {py,ey (X,t)} are the eigen pairs of the eigenvalue problems for S; and Y%,
where S; is the SDF derived from the marginal utility of a hypothetical investor that consumes

aggregate consumption. That is,

es(X,t)=F [e’ﬂASgAes (Xipa,t+ A)] ) (42)
and v
ey (Xi,t)=FE [e_pYAt;AeY (Xtva,t + A)] ; (43)
t

for all A > 0. Because (S;,Y;) satisfy the conditions of Proposition 3, eg (X,t)ey (X,t) is the

eigenfunction of S;Y; in the sense that
A St-i-AY;H-A
eg (X, t) ey (X,t) =F ep Siyes (Xt_;,.A,t + A) ey (Xt+A,t + A) s (44)
t1t

for some p for all A > 0.
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Because the marginal investor’s consumption share is A (Xj,t), the marginal utility of the
marginal investor is e [\ (X¢,t) Cy] ™7 = A (X4, t) 7 Sy, which is the true stochastic discount factor

of the economy. As a result, multiplying both sides of Equation (), we get:

M(Xpt) es (X,1) = B | rd2ed (A(th,t +A)

-y
(X t+ A)Y X t+A)|.
S, N (X0, 1) ) (Xira, t+ A) es (Xigpa, t + A)

St A(X¢,t)
A (Xt,t)7 eg (X, t) is the eigenfunction of the true SDF. Similarly, Equation (44) implies

—
The term 24 ()‘(Xt+A’t+A)) is the true SDF implied by the marginal investors. Therefore,

A(Xpt) es (X, t)ey (X,t) = E |e

FASEEA <)\ (Xign, t+A

-
St A (X, t) )> AXirast+A) es (Xipa b+ A)ey (Xepa,t+

that is, A (X;, 1) eg (X, t) ey (X, ) is the eigenfunction S;Y;. This implies that

V(t,T|Xt) esy(Xt,t) )\(Xt,t)’yes(X,t)E)/(X,t)

BTN es(Xel)  _ AXe,t) Tes (Xe ) _ ey (X1
T—oo V(t=,T]X,) esy (X, t~) Xt ) es (X, t )ey (X, t7) ey (X,—,t7)
b(t=,T|X,—) es(X,— ™) AMX,— ot ) Tes(X,—t7)

is the update of belief about long-run growth.

6 Data appendix

Monetary policy shocks We obtain monetary policy shocks and Fed information shocks from
Jarocinski and Karadi (2020). By exploiting the negative and positive comovement between short
rates and S&P500 prices, they decompose the first principal component of the surprises in interest
rate derivatives with maturities from one month to one year into pure monetary policy shocks and
Fed information shocks. The set of derivatives includes MP1, FF4, ED2, ED3 and ED4. Their
decomposition allows both types of shocks to be present in each announcement. In addition, we
obtain both the unadjusted and orthogonalized monetary policy shocks from Bauer and Swanson
(2023). The unadjusted shock is the first principal component of the surprises in ED1, ED2, ED3
and ED4 and the orthogonalized shock is its residual from a regression on macroeconomic and

financial news.

Long term equity To classify the stocks as long-term equity or not, we obtain stock-related
variables from monthly CRSP. Specifically, we obtain the price per share (prc), the number of
common shares outstanding (shrout), the holding period returns including dividends (ret) and
excluding dividends (retx). A firm is defined as not paying dividends in month t if ret = retx. We
rebalance our long term equity portfolio at the end of each year. Each year, we assign a firm to the
non-dividend-paying portfolio if it had paid no dividends as of the end of the previous year. Our
sample is restricted to U.S. common stocks listed on the NYSE, AMEX and NASDAQ. We exclude
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utilities (SIC codes 4900-4999) and financial firms (SIC codes 6000-6999) .

10-K annual reports We download the cleaned 10-K annual reports in text files from Bill
McDonald’s “Software Repository for Accounting and Finance” website, which is based on the
work in Loughran and McDonald (2016). Using these text files, we parse out the Item 5 (“Market
for Registrant’s Common Equity, Related Stockholder Matters and Issuer Purchases of Equity
Securities”) in each report. We prompt GPT-40-mini to read the extracted Item 5 text and return
two binary indicators for whether the firm states that it does not anticipate paying dividends in the

foreseeable future and whether it intends to retain earnings to finance growth.

Dividend futures We obtain daily prices of dividend futures on the S&P 500 index from Bansal,
Miller, Song, and Yaron (2021) for January 2007 to August 2014, and from Bloomberg from Novem-
ber 2015 onwards. The dividend futures expire on the third Friday of December. As is common
in the literature, we linearly interpolate futures prices between two adjacent maturities to obtain
prices at constant annual maturities up to seven years for each trading day. The first date with

valid data for the nearest five years in our sample is December 2009.

Other data We obtain the daily nominal yield data from Giirkaynak, Sack, and Wright (2007)
and the daily S&P 500 index from CRSP. We obtain daily series for VIX and for the yields on
Moody’s Seasoned Baa and Aaa Corporate Bonds from FRED.

7 Additional Tables and Figures

Table 7.1: High-frequency yield changes on Nominal and Real long term bonds

y%oreal
(1)

YBnomi  0.98™

(0.11)
Const.  —0.0007
(0.001)
Adj. B2 0.88
N 151

Notes: The table report OLS estimates of Y7 ,car = Bo + B1YB nom: + u, where yZ ..., is the changes in the on-the-run
30Y TIPS yield and yZ ,,om; is the changes in the on-the-run 30Y nominal Treasury yield, measured over the 30-minute
window around FOMC announcements. Yield changes are from the US Monetary Policy Event-Study Database of
the Federal Reserve Bank of San Francisco. The sample is 151 scheduled announcements from Feb 2005 to Dec 2023.
Heteroskedasticity-robust standard errors are reported in brackets.*p < 0.1,** p < 0.05,"** p < 0.01.
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Table 7.2: High Frequency revisions in long-run growth in response to MPS and CBI (10-K portfolio)

Panel (A): In Ry — In RY Panel (B): In R
(1) (2) (3) (4) (5) (6)
MPS  —3.76% —7.89%**
(1.38) (0.41)
CBI 11.29%** 9.247**
(2.23) (0.64)
BS —0.55 —4.36%*
(1.08) (0.68)
BS+ —1.42 —4.93***
(1.19) (0.79)
Const. 2.25 -1.23 —1.76 0.64 0.23 —0.21
(3.69)  (4.16) (4.19) (1.45) (3.10) (3.12)
N 231 231 225 231 231 225
Adj. R? 0.36 0.00  0.01 0.84 0.20 0.21

Notes: This table provide a robustness check for the table (2.5), using the alternative long-term equity portfolio
constructed from the 10-K reports. The table reports OLS estimates from regressions of (A) the revisions in long-run
growth expectations under long-run risk neutral measure In RE — In R% and (B) the log returns on the long-term
equity portfolio (In R%) on the monetary policy surprises. Heteroskedasticity-robust standard errors are reported in
brackets.”p < 0.1,"* p < 0.05,"* p < 0.01.
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