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Abstract

Purpose — This paper aims to study the asset pricing implications for stock and bond markets in a long-run
risks (LRR) model with regime shifts. This general equilibrium framework can not only generate sign-
switching stock-bond correlations and bond risk premium, but also quantitatively reproduce various other
salient empirical features in stock and bond markets, including time-varying equity and bond return premia,
regime shifts in real and nominal yield curves, the violation of the expectations hypothesis of bond returns.
Design/methodology/approach — The researchers study the joint determinants of stock and bond returns
in a LRR model framework with regime shifts in consumption and inflation dynamics. In particular, the means,
volatilities, and the correlation structure between consumption growth and inflation are regime-dependent.
Findings — The model shows that the term structure of interest rates and stock-bond correlation are intimately
related to business cycles, while LRR play a more important role in accounting for high equity premium than do
business cycle risks.

Originality/value — This paper studies the joint determinants of stock and bond returns in a Bansal and
Yaron (2004) type of LRR framework. This rational expectations general equilibrium framework can (1) jointly
match the dynamics of consumption, inflation and cash flow; (2) generate time-varying and sign-switching
stock and bond correlations, as well as generating sign-switching bond risk premium; and (3) coherently
explain another long list of salient empirical features in stock and bond markets, including time-varying equity
and bond return premia, regime shifts in real and nominal yield curves, the violation of the expectations
hypothesis of bond returns.
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1. Introduction

Stocks and nominal bonds are two primary asset classes on investors’ portfolio menus. It is

very important to have a general equilibrium model to provide a coherent explanation of the

risks and returns of these two markets simultaneously. The absence of arbitrage

opportunities implies that cross-market restrictions should be respected in any such

models. Campbell et al. (2017) document the empirical evidence on stochastic correlation

between stock and bond returns. Figure 1 plots the time-varying correlation between stock

and long-term government bond returns, which is calculated based on a three-year centered

moving window of monthly real returns of stock and bond. As Figure 1 shows, the correlation ‘
displays tremendous fluctuations, and also occasionally switches sign. Specifically, the I
correlation is usually positive; however, in periods like the Great Depression of the 1930s and

the more recent global financial crisis, treasury bonds performed well as hedges for stock

returns. Based on capital asset pricing model (CAPM), these movements are significant China Finance Review
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Figure 1.
Correlation between
stock and nominal
bond return
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Note(s): This figure plots the time-varying correlation between stock and long-term nominal
bond returns, which is calculated based on a 3-year centered moving window of real
monthly stock and bond returns. The sample covers January 1926-December 2021. Shaded
areas denote NBER recessions

enough to cause substantial changes (even switching signs) in the risk premium on treasury
bonds. This has important implications for investors since the risks for nominal bonds are
changing, rather than being constant as often assumed in traditional portfolio choice theory.
Despite tremendous progress in the general equilibrium to model risks and returns for bond
or stock markets separately, very few take into account the joint behaviors of these two asset
classes.

In this paper, we study the joint determinants of stock and bond returns in a Bansal and
Yaron (2004) type of long-run risks (LRR) framework. The LRR framework features a
recursive preference for an early resolution of uncertainty, low frequency movements in both
expected consumption and expected inflation, and time-varying consumption and inflation
volatilities. Beyond these, we allow for an additional novel feature: regime shifts in
consumption and inflation dynamics; in particular, the means, volatilities, and correlation
structure of consumption and inflation dynamics are regime-dependent.

This rational expectations general equilibrium framework can (1) jointly match the dynamics
of consumption, inflation and aggregate cash flow; (2) generate time-varying and switching
signs of stock and bond correlations, as well as generate switching signs of bond risk premium;
and (3) quantitatively reproduce another long list of salient empirical features in stock and bond
markets. Specifically, our model is able to reproduce a high equity premium of 8.34% and an
upward sloping unconditional nominal term structure with around 0.6% of a 5-1 year term



spread, which are both consistent with the data. In addition, our model also generates significant
time-variation in equity and bond return premia as well as regime shifts in real and nominal yield
curves across business cycles. When we run the bond return predictability regression of
Cochrane and Piazzesi (2005) inside our model, we find that the single factor projection captures
13% of the variation in bond returns, which is close to the data counterpart.

In this paper, we broadly classify the economy into three regimes: expansion, contraction,
and deep-recession. The expansion regime features a high consumption growth, a medium
level of inflation, and low uncertainty (which is measured by consumption and inflation
volatilities). In the contraction regime, the growth rate is lower, uncertainty is higher, and the
inflation level is also higher. One might consider this regime to be a stagflation regime, in
which low growth and high inflation coexist. A typical sample episode occurred in the late
1970s and early 1980s. The deep-recession regime features the lowest growth level and the
highest level of uncertainty. As opposed to regular contraction, this regime has very low
inflation, since deflation rather than inflation is more of a concern at this time. A key
ingredient that is different across these three regimes is the nominal-real correlation, which
refers specifically to the correlation between shocks to expected growth and inflation factors.
In the first two regimes, positive news to expected inflation factor indicates lower future
expected growth; however, in the deep recession regime, the relationship is just the opposite.
In other words, positive news to expected inflation indicates higher future expected growth.
We provide empirical evidence to support this channel in the next section. This ingredient is
very important for generating tremendous movements (and potentially switching signs) in
nominal bond risk premium as well as stock-bond correlation.

We use a regime switching dynamic correlation (RSDC) model by Pelletier (2006) to
specify the correlation structure between expected consumption and inflation shocks; in
particular, the correlation is constant within each regime, but becomes different and even
switches sign across different regimes (i.e. switching signs of nominal-real correlations). This
setup leads to sign-switching market prices of long-run inflation risks, the magnitude of
which is magnified by high persistence of expected growth and inflation factor. This feature,
therefore, quantitatively generates sign-switching nominal bond risk premium. In the
meantime, this correlation structure also generates time-varying and sign-switching stock
and bond correlations, consistent with empirical evidence.

Beyond this regime-specific correlation structure, we also allow for the mean levels of
consumption growth and inflation to be different across regimes. In the equilibrium, the mean
level acts as a “level” factor, driving regime-shifts in levels of both real and nominal yield
curves, consistent with the findings of Bansal and Zhou (2002), which feature a reduced-form
statistical model with regime switching.

Our model can also potentially rationalize the sizable variance risk premium and its
predictability of short-run stock returns, as documented by Bollerslev et al. (2009) and
Drechsler and Yaron (2011). In this model, the regime shift risk is priced, as in the reduced
form regime switching term structure model in Dai et al (2007). The regime shift risk
premium, caused by different means, volatilities, and correlations across regimes, determines
the discrepancy between statistical and risk-neutral transition probabilities, and therefore
potentially leads to a sizable variance risk premium. Since both the variance risk premium
and equity premium are driven by time-varying macroeconomic uncertainty, the variance
risk premium is able to predict stock returns. This is a future direction to be explored.

The works closest to our paper include Bansal and Shaliastovich (2013), Hasseltoft (2012),
Hasseltoft and Burkhardt (2012), David and Veronesi (2013), Song (2017) and Campbell et al.
(2020). Bansal and Shaliastovich (2013) and Hasseltoft (2012) show that LRR framework can
jointly explain the key features of stock and bond market. In their framework, inflation news
and consumption news are negatively correlated. This generates an upward-sloping nominal
yield curve and a positive correlation between stock and bond returns. Hasseltoft and
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Burkhardt (2012) find an inverse relation between stock-bond correlations and correlations of
growth and inflation. They rationalize their findings in a consumption-based asset pricing
model with regime switching. David and Veronesi (2013) estimate a general equilibrium
model in which agents learn about composite economic and inflation regimes. They show that
variations in investors’ beliefs about inflation regimes strongly affect the signs of stock-bond
correlations. Song (2017) estimates a model that allows for shifts in the aggressiveness of
monetary policy to account for the sign-switching stock-bond correlations. Finally, Campbell
et al. (2020) study a consumption-based New Keynesian model with habit; they estimate that
the correlation between inflation and the output gap switched from negative to positive in
2001, which explains the sign-switching correlations.

Our paper is distinct from these papers in several ways. First, we extend our sample period
back to 1926 and find that, in addition to the post-2001 period, another two important episodes —
the Great Depression of the 1930s and the recessions around 1960 — also exhibit negative stock-
bond correlations. Therefore, we argue that the sign-switching stock-bond correlations cannot be
fully attributed to different monetary policies but should rather be an inherent feature of
business cycles. Second, we emphasize regime-switching correlations between long-run
expected consumption growth and inflation. We provide empirical evidence using Survey of
Professional Forecasters data to support this channel. Third, our model calibration not only
generates sign-switching stock-bond correlations, but also quantitatively accounts for other
salient features in stock and bond market, including time-varying equity and bond premia,
regime shifts in bond yield curves, and the violation of expectations hypothesis of bond returns.
We model the macroeconomic volatility as a autoregressive Gamma process, with regime
specific mean and volatility levels. This channel is very important for generating significant
time-varying bond risk premium, and can quantitatively reproduce the violations of
expectations hypothesis as well as the Cochrane and Piazzesi (2005) single-factor regressions.

The rest of the paper is organized as follows. In Section 2, we document the empirical
evidence on changing inflation risks and nominal-real correlations. In Section 3, we present a
LRR model with regime shifts. In Section 4, we present the solution to our model and discuss
its theoretical implications. In Section 5, we calibrate our model and discuss its implications
for bond and stock markets. We then conclude our paper with Section 6.

2. Empirical evidence
In this section, we provide more empirical evidence that motivates the “nominal-real correlation”
channel. Figure 2 summarizes the CAPM beta of inflation, which captures the comovement of
inflation shocks with stock returns. We estimate a VAR(1) model for inflation, stock returns
(real), and the three-month treasury bill returns over a centered rolling window of five-years’
quarterly data, and then compute the CAPM beta of inflation. Figure 2 shows that the beta of
realized inflation moves tremendously and occasionally switches sign. When comparing
Figure 2 to Figure 1, one can find that the periods of positive CAPM beta of inflation line up quite
well with a negative stock-bond relationship. This is intuitive since high inflation is associated
with high bond yields and low bond returns. This clearly implies that the time-varying and
switching signs of stock-bond correlations are closely related to changing inflation risks.
Figure 3 provides direct evidence of the stochastic nature of nominal-real correlations. We
follow a similar moving window quarterly VAR approach to compute the industrial
production growth beta of inflation over the long sample (first panel), as well as the
consumption beta of inflation over the post-war sample (second panel). The latter panel uses
GDP and inflation expectations from the Survey of Professional Forecasters data for the
period 19686)3—2021Q4 to proxy for the correlation of expected growth and inflation factors.
All three figures display quite similar patterns, and show that the nominal-real correlation
does move significantly, which is an important channel to pursue.



—0.3

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Note(s): This figure summarizes the CAPM beta of inflation. We use a 5-year centered
moving window of quarterly data and a first-order VAR for inflation, stock returns (real),
and three-month treasury bill returns to calculate inflation shocks. Beta is defined as

Cov, (z, T ) ﬁz_ﬁ(rm,,), in which , r, , are shocks to inflation and market returns
respectively. The sample covers 192601 to 20210Q4. Shaded areas denote NBER recessions

3. A long-run risks model with regime shifts
3.1 Preferences
We consider a discrete-time endowment economy. The investors’ preferences over the
uncertain consumption stream C; can be described by the Kreps-Porteus, Epstein-Zin
recursive utility function (see Epstein and Zin (1989) and Kreps and Porteus (1978)):
1-r 1 %
U= |1-6C" +s(EUT)| . )

t+1

in which § € (0, 1) is the time discount factor, y is the risk aversion parameter, and y is the
intertemporal elasticity of substitution (IES). Parameter 0 is defined by 8 = % Its sign is

v
determined by the magnitudes of the risk aversion and the elasticity of substitution, so that if
w > 1and y > 1, then 0 will be negative. Note that when 0 =1 (ie. y = %), this recursive

preference collapses to the standard expected utility. As is pointed out by Epstein and Zin
(1989), the agent in this case is indifferent to when the uncertainty of the consumption path is
resolved. When risk aversion exceeds (is less than) the reciprocal of IES, the agent prefers
early (late) resolution of uncertainty of consumption path. In the LRR model, agents prefer
early resolution of uncertainty.
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Figure 2.
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Figure 3.
Consumption beta of
inflation and expected
inflation

Industrial Production Growth Beta of Inflation
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Consumption Beta of Inflation
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Expected GDP Growth Beta of Expected Inflation
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Note(s): This figure summarizes the consumption beta of inflation. We use a rolling 5-year
window of quarterly data and a first-order VAR for inflation, industrial production growth
(consumption growth, GDP growth expectation), and the three-month treasury bill returns
to calculate inflation shocks. Beta is defined as Cfo_v\t (7, x,)/ V?E(xt). In the first panel, x;
stands for shocks to industrial production growth, ranging from 192601-202104, from
Federal Reserve Economic Data (FRED). In the second panel, x, stands for shocks to
consumption growth, ranging from 194701-202104, from Bureau of Economic Analysis
(BEA). In the last panel, x; and =z, represent shocks to real GDP growth and GDP deflator
expectations from Surveys of Professional Forecasters for the period 196804-202104.
Shaded areas denote NBER recessions

The logarithm of the intertemporal marginal rate of substitution (IMRS) is given by,
0
My = Ologd — JACHI + (0 — )ress, @

inwhich Acy,1 = log (%12 is the log growth rate of aggregate consumption and 7, ;4 is the

log of the return (i.e. continuous return) on an asset that delivers aggregate consumption as
its dividends for each time period. This return is not observed in the data. Rather, it is
different from the observed return on the market portfolio as the levels of market
dividends and consumption are not equal: aggregate consumption is much larger than
aggregate dividends. Therefore, we assume an exogenous process for consumption
growth and use the Euler equation:



Elexp(my +741)] =1, G

which holds for any continuous return 741 = log(Ry1), including the one on the wealth
portfolio, to solve for the unobserved wealth-to-consumption ratio in the model.

3.2 Consumption and inflation dynamics

A novel ingredient of this model is that the consumption and inflation dynamics are subject to
regime shifts. For notational brevity and expositional ease, we first specify the dynamics of
consumption and inflation dynamics in a rather general vector autoregressive (VAR)
structure with regime shifts, and then provide the specific version of the dynamics that is
our focus.

We assume there are S regimes that govern the dynamic properties of the n-dimensional
state vector Y; € R" The regime variable s; is a S-state Markov process, with the probability
of switching from regime s; = j to s, = k given by a constant 7%, 0< j, k< (S—1), with

;j;énfk = 1, for all 5. Agents are presumed to know both the current and past histories of
the state vector and the regime the economy is in. Thus, the expectation E;[-] is conditioned
on the information set [;, generated by {Y;_;;, , : { >0}. We use the notation £ 0 [-]to denote
the unconditional mean of a random variable under the assumption of a single-regime
economy governed by the parameters of regime J.

The Markov process governing regime changes is assumed to be conditionally
independent of the Y process, such that f(Yi1|Yi : 120,58 =7, spp1 = k) = f (V|
Vi1 :1>0, s; =j). In addition, given s; = j, The state vector of the economy Y}, follows a
VAR that is driven by both Gaussian and demeaned Gamma-distributed shocks:

Yio = p() + FG)Y: + Gi()ern + o). @

Here €11 ~N(0,1) is the vector of Gaussian shocks, and wé 41 18 the vector of demeaned
Gamma-distributed shocks. The detailed parameterization of the Gamma distribution will be
provided later. To put the dynamics into an affine class, we impose an affine structure on G*:

G()G1() = h() + Y _Hi() Y1y, ®)

in which 2(j) e R"*", H;(j) € R"*", and i denotes the i-th element of state vector Y.

In the calibration section of this paper as well as later sections, we focus on a particular
specification of (4). This specification is a generalized LRR model that incorporates regime
shifts and non-neutrality of the expected inflation factor. Here we give an overview of this
generalized LRR model and map it into the general framework in (4). Further details are also
provided in the calibration section.

We specify the state dynamics as follows:

Aci ; 001 7z 0 0

T Ha 00z 1 0 0

t+ X

0

X . . 00 v, O 0 0
Yio=| 7 [LuG)=1]0 ,F(j) = , 6

2t 2 000 v 0 O

2 (00) (1 = v0) 000 0 v 0

t+1 j o

Ady. Ka 00 ¢ ¢, 0 O
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in Wthh the vector of Gaussian shocks €41 = (Ecpi1; Exti1, Ex ity €2,041, 0, €4411) ~N(0,1)
and o}, =(0,0,0,0 a)ng,O) ”H follows a demeaned Gamma distribution:

a)](;t = ZZ)J{, m— E @, 11)- The Gamma distribution of @/, . ; is characterized by two

parameters, so we specify the mean and volatility of the volatility shocks as follows:
E(@.) = (o))’ 0-u) @)

Var( MH) =02 ®

Therefore, we have E(w {,Hl) 0, and Var(w ”H) (a{.w)%

The first two components, Ac;, 1 and 7,1, denote the consumption growth and inflation.
xr41 and z;p are longrun expected growth and expected inflation factors. The term
(4, + x¢ + 722¢) 1s the conditional expectation of consumption growth in which x; is a small
but persistent expected consumption factor that captures LRR in consumption and dividend
growth, as in the standard LRR model. Similarly, the term z; is a small but persistent expected
inflation factor that captures LRR in inflation [1].

The parameter 7, #0 leads to a non-neutral LRR model; in other words, the expected
inflation factor feeds back to the real economy (i.e. the consumption process). For a
typical parameter of 7, < 0, it means that a positive expected inflation factor will lower
the future expected consumption growth. In this case, the long-run inflation risk is priced,
and risk compensation for this risk factor is embodied in the risk premium, even for real
assets.

The term Ad; 1 is logarithm dividend growth, which is defined as a leveraged process of
Act,1, with a leverage parameter ¢ > 1. Thus, the dividend growth is more sensitive to x; and
z; than consumption growth.

In order to guarantee that the variances always stay positive, we assume that the
dynamics of volatility 62 ", follows an autoregressive Gamma-process, following Barndorff-
Nielsen and Shephard (2001) and Bansal and Shaliastovich (2013). The innovations in
volatility process wo 1.1 follow a demeaned Gamma distribution. This specification will

generate very similar asset pricing results as a Gaussian volatility shock.
We set the conditional Variance covariance matrix of the Gaussian shocks to be

G()Gi() = Go(j)G4(j) 07 = H,(j)o %, in which,
1 0 0 O 00
0 ¢ 0 O 00
: 0 0 ¢ phe. 00
GH — Xz 9
=10 0 0 o 00 ©)
0O 0 0 O 0 0
Pee 0 0 0 0 0

The terms ¢,, ¢,, ¢, are regime-independent constants and denote the relative magnitudes of
inflation volatility shock, long-run consumption shock and long-run inflation shock with
respect to short-run consumption shocks. This is a simplification assumption tying the
dynamics of four Gaussian shocks to the same factor. It is straightforward to extend the
model by allowing for multiple factors to derive different volatility shocks, although, we do
not pursue this additional complication in this paper.



The parameter /){cz is regime-specific and captures the different correlations between long-
run consumption and inflation shocks in different economic regimes. This specification
closely follows the RSDC model in Pelletier (2006). We can decompose the covariances into
standard deviations and correlations. The standard deviations follow a continuous stochastic
volatility process. In addition, the correlation follows a regime-switching model: it is constant
within a regime, but different across regimes. This setup can be seen as a midpoint of the
constant conditional correlation (CCC) model of Bollerslev (1990) and the dynamic
conditional correlation (DCC) model of Engle (2002). An important advantage of the RSDC
specification is that it allows for tractability of the general equilibrium model within the affine
structure world (after some log-linearization approximation), while also being able to
generate time-varying correlations of risk factors.

4. Model solutions and intuitions
4.1 Within-regime intuitions
Before going through the full solution of the full-blown LRR model with regime switching
that we just discussed, we establish some within-regime intuitions. Specifically, we solve the
model by assuming a single-regime economy governed by the parameters of regime j,
fory=1,...S.

To generate an analytical solution for the model, we log-linearize the return on
consumption asset to solve for the equilibrium discount factor and asset prices. In
equilibrium, the wealth-to-consumption ratio, vy, is linear in states:

U = A() + Axxt + AZZ} + A,,-O'?. (10)

Using the Euler equation (3) and the assumed dynamics of consumption growth and inflation,
we derive the solutions for coefficients A,, A, and A,:

1
1-=
4 11
1*K1Px.
1
e (1*$)’Z (12)
‘ 17K1px .
(1,)1,3 1+K2 ;4,&224, L+ 1 22
7( 1//) N\1l-xv, 1-—xiu, b 11—y 11—k, e 13)
A= 2(1 — x1ty) '

The details of the model solution and the expression for the endogenous log-linearization
coefficients are provided in Appendix 2.

It follows that A, is positive if the IES, y, is greater than one. In this case, the intertemporal
substitution effect dominates the wealth effects. In response to higher expected growth,
agents buy more assets, and consequently the wealth-to-consumption ratio rises. In the
standard power utility model with risk aversion larger than one, the IES is less than one, and
hence A, is negative; in turn, a rise in expected growth potentially lowers asset valuations.
That is, the wealth effect dominates the substitution effect.

The coefficient A, measures the sensitivity of wealth-to-consumption ratio to fluctuations
of expected inflation factor. Consider the case in which IES, y, is greater than one: the sign of
A, is determined by 7., which captures the response of expected growth factor on the expected
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inflation. When typically 7, < 0, that is, a high expected inflation factor leads to a low
expected consumption growth, the wealth-to-consumption ratio responds negatively
(A; <0). In the LRR literature, both Bansal and Yaron (2004) and Bansal and
Shaliastovich (2013), for example, set 7, to zero. In these setup, the fluctuations of expected
inflation does not feed back to the real economy (i.e. consumption growth), and thus does not
affect real asset allocations and prices. In our setup (z, # 0), the long-run expected inflation
factor does affect the real economy, and we call it a non-neutral model.

The coefficient A, measures the sensitivity of the wealth-to-consumption ratio to volatility
fluctuations. If the IES and risk aversion are larger than one, then the loadings are negative. In
this case, a rise in consumption or expected growth volatility lowers asset valuations and
increases the risk premium on all assets.

Using the equilibrium condition for the wealth-to-consumption ratio, we can provide an
analytical expression for the pricing kernel:

2
Myl = Mo + MeXy + M2 + MO — AcO1Ee i1 — AcPyOtExpi1 — AQ,01E: 141 — Aw@s 141
(14)

In particular, the conditional mean of the pricing kernel is affine in state variables x;, z; and
o ?, for which the loadings 71, m,., m, and m, depend on model and preference parameters, as
described in Appendix 2.

The innovations in the pricing kernel are very important for thinking about risk premia.
The magnitudes of the risk compensation depend on the market prices of short-run and long-
run consumption and inflation risks, as well as volatility risks, which we denote as A, 4., 4,
and A, respectively. The market prices of systematic risks can be expressed in terms of
underlying preferences and parameters that govern the evolution of consumption growth
and inflation:

Ae = Vs
/Ix = (1 — G)Kle,
A= (1 - G)Kl (Axpxz +A2) (15)

do = (1 )14,

The compensation for the short-run consumption risks is standard and given by the risk-
aversion coefficient y. In the special case of power utility, y = %, the risk compensation

parameters A, 4, and A, are zero, and the IMRS collapses to standard power utility
specification:

m,cffA =logé — yAci. (16)

With power utility there is no separate risk compensation for long-run growth, inflation risks
and volatility risks; meanwhile, with generalized preferences, these risks are priced. The
pricing of long-run and volatility risks is an important feature of the LRR model.

When agents prefer early resolution of uncertainty, & < 1(.e.y > i), the price of long-run

consumption risks A, is positive, and the price of volatility risks A, is negative. In other words,
states with low expected growth or high volatility are bad states and discounted more
heavily. It is important to note that the price of long-run inflation risks 4, is intimately related
to p,,, which captures the sensitivity of expected consumption factor to the innovations of
expected inflation.

In particular, when p,, < 0 (i.e. positive news in expected consumption factor predicts a
decrease in long-run expected inflation), A, is negative; in contrast, when p,, > 0,1, can
switch its sign and become positive. In the model, we allow for this correlation parameter p,,



to switch signs, which is the key channel for getting sign-switching market prices of long-run
inflation risk and, in turn, sign-switching nominal bond risk premium.
The discount factor used to price nominal payoff is given by,

MY = My — Ty 17

The solution to the nominal discount factor is also affine in the state variables, and nominal
market prices of risks depend on the real prices of risks and inflation sensitivity to both short-
and long-run consumption and inflation news.
Given the solutions to the real and nominal discount factor, we observe that the yields on
real and nominal bonds satisfy,
Vin = (Bos+ Best + Bosz + By, 18)

1
y?n = % (B g,n + Binxt + B$ 2+ Bind?) . (19)

2z,

The bond coefficients, which measure the sensitivity of bond prices to the aggregate risks in
the economy, are pinned down by the preference and model parameters. As shown in
Appendix 2, the real yields respond positively to the expected growth factor, By, > 0, and
respond negatively to the volatility state, B,, < 0. When a high expected inflation factor
indicates lower future consumption (z, < 0), the real yields load negatively on expected
inflation factor, B, ,, < 0.

The one-period expected excess return on a real bond with two months to maturity can be
written in the following form:

1
rpgl = Etrxﬁ)l + iVartrxﬁ)l

o+l | il
1 1 1—ru, 1-nu.
__1 (y _ _> K b v 62 — Byido(ow)  (20)

+ L 1 2
T
Pz 1-xiv, 1-x1, i

The last term, — 5,1/15(0@)2, is the component of the real bond premium attributable to
volatility risks. As shown in Appendix 2, —B, ; is the beta of the real bond return with respect
to volatility innovations, which is positive. Since the market price of volatility risks A, is
negative, the volatility risks always contribute negatively to the real bond premium. If the
correlation of expected consumption and expected inflation shocks is zero, p,, = 0, the real
bond risk premium from long-run consumption and inflation risks is always negative. When
the expected consumption factor decreases at the time of high expected inflation factor
(ie. 7, < 0), then negative correlations of expected consumption and inflation shocks
(ie. p,, < 0) will decrease the real bond premium even further. On the other hand, a positive
correlation of these shocks can increase the bond risk premium. We identify similar
implications for real bond premium at the long end as well.

For nominal bonds, as long as the negative effect of the inflation factor on long-run
consumption is not very strong (z, very negative), which is the case in our calibration, we find
that the nominal yields load positively on the inflation factor, Bf,n- Intuitively, with high
expected inflation, investors require higher yields for nominal bonds to compensate for the
erosion of purchasing power. That said, nominal bond returns load negatively on inflation
shocks (negative beta with respect to inflation risk).
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Table 1.
Characterizations of
different regimes

We can express nominal bond risk premium as real bond risk premium plus an additional
component capturing the risk compensation for inflation shocks:

¢ ¢}
11—, 1—xw
$(2) (@) 1 1¢x 1z
Thin P = - (7 - _)K 5 9 o
v 47 P +pxz¢z + TxPz 2
* 1-— KUy 1-— K1V, z

(rf 21)

The correlation parameter p,, is a very important determinant of the risk premium for
nominal bonds. Its regime-dependent feature is the driving force that leads to sign-switching
bond risk premium. Under the typical parameterization of 7, < Oand z, <0, when p,, < 0, the
inflation risk premium is positive; however, when p,, > 0, the inflation risk premium turns
negative.

The sign-switching correlation p,, also leads to sign-switching stock and bond
correlations. As we discussed earlier, nominal bond returns always have negative beta
with respect to inflation shocks. In contrast, because stock is a levered consumption claim, it
loads negatively on inflation shocks when p,, < 0 and loads positively on inflation shocks
when p,, > 0. This generates a positive correlation between stock and bond returns when
P, < 0and a negative correlation between stock and bond returns when p,, > 0.

4.2 Characterizations of different regimes

A salient feature of the model is that we allow for regime shifts in exogenous consumption
and inflation dynamics. In particular, with respect to calibration, we allow for three regimes —
expansion, contraction and deep recession regimes — and summarize the regime-specific
elements in Table 1. We first discuss the implications of different regime-specific elements,
and then give economic interpretations of the three regimes.

First, we set the nominal-real correlation, p,, to switch signs, such that p,, < 0 in
expansion and contraction regimes, while p,, > 01in deep recession regimes. According to
(15), the market price of long-run inflation risks can switch signs, such that the price is
negative with negative correlation, and vice versa. On the other hand, the beta of nominal
bond returns with respect to long-run inflation risk innovations stays negative. As a
whole, long-run inflation risks contribute positively to the nominal bond risk premium in
expansion and contraction regimes, but contribute negatively in deep-recession regimes.
The time-varying correlation also causes the equity beta of long-run inflation risks to
switch sign, which generates sign-switching correlations between stock and nominal bond
returns. Specifically, in deep recessions, the stock and bond correlation is negative, but
remains positive in other times. This is consistent with the empirical evidence we
highlighted in the introduction of this paper. These intuitions are summarized in Table 2.
In sum, this time-varying nominal-real correlation structure is the key channel for

Expansion Contraction Deep-recession
Nominal-real correlation, p,, Negative Negative Positive
Consumption level, s, High Medium Low
Inflation level, un Medium High Low
Uncertainty o2 Low Medium High

Note(s): This table summarizes the characteristics of different regimes in the model




generating sign-switching nominal bond risk premium as well as generating stock-bond
correlations.

Second, we allow for different levels of consumption growth and inflation. In equilibrium,
higher p,, which is the unconditional mean of consumption growth, implies higher real and
nominal bond yields at all maturities simultaneously, while u,, which is the unconditional
mean of inflation, affects nominal yields only. Higher p, indicates higher nominal yields at all
maturities. In sum, the consumption growth and inflation levels, u, and p,, are “level” factors
to term structures of interest rates. The former shifts both real and nominal yield curves,
while the latter only affects the nominal side. This channel is very important for generating
the shifts of yield curves in different economic regimes.

Third, macroeconomic uncertainty, as captured by consumption and inflation volatility (tied
to each other in the parsimonious specification of this paper), are allowed to be time-varying.
This time-varying feature of uncertainty present a two-fold observation. First, within each
regime, the volatility follows an autoregressive Gamma process. This is important for producing
enough variations in equity and bond risk premium and for helping to replicate the violations of
the expected hypothesis of bond returns. The intuition is similar to Bansal and Shaliastovich
(2013). Second, we allow for regime-specific uncertainty levels. We specify a low mean level in
expansion, but specify a higher mean level in bad states. This channel corresponds to a counter-
cyclical property of stock volatility, and is very important for generating higher equity premium
in contraction/deep-recession regimes, which is consistent with the empirical findings of Lustig
and Verdelhan (2012). Furthermore, the mean level of volatility also constitutes a “slope” factor of
the yield curve, as the real (nominal) yield curve slope is determined by the risk premium of the
long-term real (nominal) bond, which is proportional to volatility levels, as we show in Appendix
2. Different levels of macroeconomic volatility will also alter the levels of real and nominal bond
yields, due to households’ precautionary saving motives.

We broadly classify the economy into three regimes: expansion, contraction, and deep-
recession. In the expansion regime, we have high consumption growth, a medium level of
inflation, and low uncertainty (which is measured by consumption and inflation volatility). In
the contraction regime, we have lower growth rate and higher uncertainty; the inflation level
is also higher in this regime. One can think of this regime as a stagflation regime, in which low
growth and high inflation coexist. A typical sample episode is that of the late 1970s and early
1980’s. In the deep-recession regime, we have the lowest growth and highest level of
uncertainty. As opposed to regular contraction, this regime has very low inflation, since
deflation rather than inflation is more of a concern at this time. Another key ingredient that is
different across these three regimes is the nominal-real correlation, which refers to the
correlation between shocks to expected growth and inflation factor in the model. In the first
two regimes, positive news to expected inflation factor indicates lower future expected
growth; however, in the deep recession regime, the relationship is just the opposite.

Shocks SR cons. LR cons. LR infl. Vol. Overall premium
Expansion regime

Risk price + + - _

Beta-equity return + + - — +
Beta-nominal-bond return 0 + - — +

Deep recession regime

Risk price + 4 + _

Beta-equity return + + + — +
Beta-nominal-bond return 0 +/— - — _

Note(s): This table summarizes the price of risks and betas in different regimes in the model
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This ingredient is key for generating large movements (and potentially sign-switching) in
nominal bond risk premium as well as stock-bond correlations.

4.3 Solutions to long-run risks model with regime shifts

We now solve for the equilibrium price process of the model with regime switching. The
mechanism in the full model that generates sign-switching stock and bond returns is similar
to that we discussed in Section 4.1 and Section 4.2, except that adding regime shifts
introduces regime-switching risk premium. In this section, we only lay down the basic
solution method and leave the detailed discussion of regime-switching risk and its pricing to
the quantitative Section 5.2.1.

To price assets, we must first solve for the return on a consumption claim, 74,1, as it
appears in the pricing kernel itself. We denote the logarithm of the wealth-to-consumption
ratio ata given time ¢and state s; = jby v, (7), and we use the Campbell and Shiller (1988) log-
linearization to linearize 7.;.1(j, %), which depends on two consecutive states s; =j and
St+1 = k, around the unconditional means of v;(j) and v;1 (k), respectively:

Vet+1 (j» k) = Kc,O(k) + K1 (k)vc,Hl (k) - Uc,t(j) + ACHI (]) (22)

A similar approach is taken by Bansal and Yaron (2004), and Bansal et al, (2007) for a
standard LRR model without regime switching. We then conjecture that given the current
state s; =, the log wealth-to-consumption ratio is affine in the state vector:

vi(j) = Ao(j) + A'Yi(j), @3)

in which A(j) = (A.(j), Az(7), Ax(7), A:(), As(7), Aa(7))"is a vector of pricing coefficients,
which are regime-specific. Substituting (23) into (22) and then substituting (22) into the Euler
equation (3) gives the equation in terms of A, Ay and the state variables. The expectation on
the left-hand side of the Euler equation can be evaluated analytically, as shown in Appendix
3. Since any predictive information in A¢;, 7; and Ad; is contained in x; and z;, they have no
effects on v;(7). Therefore, A.(j) = A, (j) = Aq(7) = 0.

Having solved for 7.;41(j, k), we substitute it into #2,,;, which also depends on two
consecutive states s; = j and s;,1 = &, to obtain an expression for the log pricing kernel at
time ¢ +1:

me (G, k) = mo(G, k) +mu(i, B)'Y: — A(R) (Gi(j)er + )., (24)

The loadings m(j, k), m1 (7, k) and A(k) are provided in Appendix 3.

We then solve for the market return. A share in the market is modeled as a claim on a
dividend stream with growth process given by Ad;, 1. To solve for the price of a market, we
proceed along the same line as that for the consumption claim and solve for the price-to-

dividend ratio of the market at time # in regime j, denoted as v{n,t’ using Euler equation (3). To
do this, we log-linearize the returns on the market, 7,, ,+1, which depends on two consecutive
states, s; =7 and s;41 =k around the unconditional means of v,,;(j) and v, .41(k),

respectively:

Vimt+1 (ja k) = Ko,m (k) + K1m (k)vm‘Hl (k) — Ut (,7) + AdHl (]) (25)
We conjecture that v,,,(7) is affine in the state variables:
Uma () = Aom () + Arn()'Yy, (26)

in which A1,,(7) = (Aewm()s Axm()s Aem()s Aem()s Asm(G), Aam(j)) s the vector of
pricing coefficients that are regime-dependent. For similar reasons as in wealth-to-



consumption ratios, we obtain A, (j) = Azm(j) = Aam(j) = 0.Substituting the expression
for v,,4(7) into the linearized return, we obtain an expression for 7,, ;1 (7, k) in terms of ¥; and
its innovations:

7/m4,l+1 (j: k) :]O,m(ia k) +]1,m (j’ k),Yl + ﬂd(k),<Gl U)EHI + a);+1) 3 (27)
for which the loadings of 4 (j, %), /1(, k) and (k) are provided in Appendix 3.

The equilibrium real and nominal yield are affine in the state variables. Indeed, in
Appendix 3, we show that real and nominal yields at time  given the state s; = j satisfy:

3a) = = [Boali) + Bu(i) V1] 29
300 = [B.6) + B V] 29)

The bond coefficients, which measure the sensitivity of bond prices to the aggregate risks in
the economy, are pinned down by the preference and model parameters. The expressions of
the loadings are presented in Appendix 3.

5. Calibration and quantitative results

5.1 Calibration parameters

We calibrate the monthly subjective discount factor § to be 0.9989. The risk-aversion
coefficient is set at y = 10. As in Bansal and Yaron (2004), we focus on an IES of 1.5. As we
discussed earlier, an IES value larger than one is important for the quantitative results.
Bansal et al. (2007) document that the asset valuations fall when consumption volatility is
high, which is consistent only with y > 1.

We follow the standard LRR literature to calibrate the parameters for consumption and
inflation outlined in equation (4) at a monthly frequency and time-aggregate the output from
monthly simulations to match the key aspects of annual consumption growth and inflation
rates in the USA from 1930 to 2021. We specify a high consumption growth, median inflation,
and low volatility for expansions; a median consumption growth, high inflation, and median
volatility for contractions; and a low consumption growth, low inflation, and high volatility
for deep recessions. We summarize all the parameter values in Table 3. We report the model-
implied consumption and inflation moments, in Table 4, which is based on a very long
simulation of monthly data aggregated to annual horizons. As we show in Table 4, the model
can match very well the salient features of the consumption and inflation data.

To calibrate regime-switching probabilities, we use j = 0,1, 2 to denote deep recession,
contraction and expansion regimes, respectively. We assume 7% = 0 and 7° = 0. Therefore,
two-types of recessions cannot switch from each other. We use the length of NBER dated
business cycles and recession frequencies to calibrate the transition probability matrix. Our
calibration is based on 18 recessions from 1919 — 2021, in which we consider two events as deep
recessions: (1) August 1929 to March 1933 and (2) December 2007 to June 2009; we count all
other 16 events as regular recessions [2]. Tables 5 and 6 shows the calibration of the transition
probability matrix and its implications for unconditional probability and average duration of
each regime. The model-implied moments match the data counterparts quite well. We can see
that because the unconditional probability of deep recessions is less than that of contractions,
conditioning on being in an expansion, the probability of switching to a deep recession is less
than switching to a contraction (0.21% vs. 1.63%). Because the average duration of deep
recessions is longer, conditioning on being in a deep recession, the probability of remaining in
the deep recession is greater than that of contractions (96.72% vs. 90.70%).
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Table 3.
Calibration parameters

Parameters Parameter value

Preference parameters

Subjective discount factor S 0.9989

IES W 15

Risk Aversion v 10

Consumption and inflation dynamics: regime-independent parameters

Persistence of x; Uy 0.987

Persistence of z; v, 0.987

Persistence of 6% 7 0.982

0,./0: ratio O 2

0y /0; ratio N 0.03

0,,/0; ratio ¢, 0.05

The loadings of Ac,,1 on z; T, —-0.2

The loadings of 7,1 on x; T, -1

Volatility of volatility Ceo 2.66¢ 6

Consumption and inflation dynamics: regime-dependent parameters

Regimes J 0 1 2
Consumption mean Ue 0.004 0.008 0.017
Inflation mean e 0.008 0.038 0.027
Correlations between x; and z; shocks Pxz 0.5 -0.8 —0.5
Consumption volatility o, 0.0075 0.0064 0.0040

Note(s): This table reports calibrated parameter values for the baseline model. The model is calibrated at
monthly frequency; hence we report monthly parameter values.j = 0, 1, 2 denote deep-recession, contraction
and expansion regimes, respectively

Variable Data Model
E(Ac) 1.95 1.96
std(Ac) 2.29 210
ACl(Ac) 0.34 0.61
AC2(Ac) 0.13 0.42
Er) 312 3.08
std(m) 397 393
ACl(rm) 0.61 0.56
AC2m) 0.29 0.32

Note(s): This table reports the aggregate moments implied by the model. The data moments are based on
annualized consumption and inflation data from 1930-2021. Consumption includes non-durable expenditure

Table 4. and service from Bureau of Economic Analysis (BEA). Inflation is deseasonalized CPI from Federal Reserve
Model-implied Economic Data (FRED). The model-implied moments are computed from a long simulation of 500 years’
unconditional monthly observations, and time aggregated to annual frequency. All the statistics reported in this table are
moments annualized
Deep-recession (7 = 0) Contraction (' = 1) Expansion (/' = 2)
j=0 0.9672 0 0.0328
j=1 0 0.9070 0.0930
Table 5. j=2 0.0021 0.0163 0.9816
Transition probability Note(s): This table reports the calibrated value of the transition probability matrix. The notationj = 0, 1, 2

matrix calibration

denote deep-recession, contraction and expansion regimes, respectively




5.2 Quantitative results

5.2.1 Unconditional asset pricing moments. The model-implied unconditional asset pricing
moments match the data quite well. Table 7 reports the model performance in terms of
unconditional moments on the bond and stock markets. As we can see, the model, on average,
generates a downward-sloping real yield curve, which is consistent with the empirical
evidence from the UK index-linked bonds, as in Bansal and Yaron (2004). This is because
long-term real bonds act as a hedge to long-run consumption shocks, and investors require a
lower expected return holding long-term real bonds. In contrast, the model generates an
upward-sloping nominal yield curve. This is because long-term nominal bonds give lower
real returns in face of a positive inflation shock and inflation risk is negatively priced most of
the time, investors require higher expected returns holding long-term nominal bonds. The
model generates average nominal yields around 4.8% and a five-year minus one-year term
premium of 0.56%, which are close to the data. On the equity market, the model can also
generate a high equity premium of 8.34% as is the case in the data. The success of our model
in quantitatively reproducing a high risk premium lies in two ingredients: (1) risk premium
from the persist long-run component, as in Bansal and Yaron (2004), and (2) risk premium
from regime shifts.

5.2.2 Pricing of regime shifts. To show the pricing of regime shifts in our model, we
calculate the prices and risk premia of regime contingent claims. A kregime contingent claim
is such an asset that pays off 1 if the regime in the next period is % and pays off 0 otherwise.
We denote p; 1, as the price of & regime contingent claim given the current regime is j, and
denote 7p;;, as the risk premium of the asset. For instance, po o and 72 o are the price and risk

Unconditional probability Durations, months
j=0 j=1 j=2 j=0 j=1 j=2
Data 0.0503 0.0503 0.1418 0.8079 30.5 10.75 54.44
Model 0.0509 0.1415 0.8076 30.5 10.75 54.44

Note(s): This table reports the recession frequency and duration implied by the model. The data counterparts
are based on the length of 18 NBER dated recessions from 1919-2021. Two events (1) 1929/08-1933/03 and (2)
2007/12-2009/6 are considered deep-recessions. j = 0, 1, 2 denote deep-recession, contraction and expansion
regimes, respectively
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Table 6.
Model-implied regime
switching features

ly 2y 3y 4y 5y

Nominal term structure
Mean - data 4.56 4.75 493 5.08 519
Mean - model 4.55 4.69 4.83 4.97 511
Equity returns

Data Model
Equity Premium Std Dev 8.28 834

1875 10.74

Note(s): This table reports bond yields and equity premium implied by the model as well as the data
counterparts. The equity returns are the Center for Research of Security Prices (CRSP) value-weighted portfolio
that comprises the stocks traded in the NYSE, AMEX and NASDAQ), from 1926-2021. The nominal yields data
are from the Fama-Bliss monthly datasets from June 1952-December 2021. The model-implied moments are
computed from a long simulation of 500 years'monthly observations, and time aggregated to annual frequency.
All statistics reported in this table are annualized

Table 7.
Bond and equity
markets
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Table 8.

Prices and risk
premium of regime
contingent claims

premium of an asset that pays off 1 if the regime in the next period is a deep recession, given
that today’s regime is expansion.
We can compute the price of the contingent claim p;, using the Euler equation:

P
i = E(Minly) = R, + Covy(My 1, 1), (30)
N3

in which M, 1 is the stochastic discount factor, 7, is an indicator function that equals 1 when
next period’s regime is %, 77* is the transition probability from regime j to regime , and Ry isthe
one-period risk-free rate. From equation (30), we can see that the price of a contingent claim is
determined by two components. The first component is the transition probability discounted by
risk-free rate. If the households are risk-neutral, the price of the contingent claim equals the first
component. The second component is the covariance between the stochastic discount factor and
the payoff of the contingent claim. This component determines the risk premium of regime
shifts. When the contingent claim pays off in good state, the covariance term is negative, the
asset isrisky and investors demand a risk premium to hold it. This corresponds to the contingent
claims on expansions. When the contingent claim pays off in bad state, the covariance term is
positive, the asset is a hedge to risk and investors are willing to hold it even if it pays a negative
premium. This corresponds to the contingent claims on contractions and deep recessions. We
base our calculation of the contingent claims on the unconditional mean of state variables in each
regime and report our results in Table 8. As shown in Table 8 Panel A, the price of a contingent
claim on expansion is usually much smaller than its physical transition probability. For instance,
the transition probability from deep recession to expansion is 3.28% while pg 2 = 0.0167. In
contrast, the prices of contingent claims on deep recession and contraction are usually much
larger than their physical transition probability. For example, the transition probability from
expansion recession to deep recession is 0.21% while p2 o = 0.0046. This is because claims on
expansion are risky as they only pay off in good states while claims on deep recession and
contraction are hedges to bad states. Panel B reports the monthly risk premium for each
contingent claim. The first three rows report the conditional risk premium and the last row
reports the unconditional risk premium. We observe that risks of regime shifts are associated
with very high risk premium. For example, the claim on expansion conditional on deep recession,
7Po 2, 1s associated with a monthly risk premium of 96.69%, and the claim on deep recession
conditional on expansion, 792, is associated with a negative monthly premium of —55.34%.
This is because the transition of regimes is a small probability event but its effect is huge and
persistent. This generates large differences of marginal utility across different regimes, and in

Deep-recession (£ = 0) Contraction (& = 1) Expansion (& = 2)

Panel A: prices, pj,

j=0 0.9835 na 0.0167
j=1 na. 0.9274 0.0726
j=2 0.0046 0.02 0.9740
Panel B: risk premium, 7p;

j=0 —1.64% na 96.69%
j=1 na —2.20% 28.08%
j=2 —55.34% —1851% 0.64%
Avg. premium —52.10% —16.07% 9.41%

Note(s): This table reports the prices and monthly risk premium of regime contingent claims based on the
unconditional mean of state variables in each regime. The notation j and % represent current and next period’s
regime, and 0, 1 and 2 denote deep-recession, contraction and expansion regimes, respectively




turn leads to a high risk premium. In this economy, risky assets that pay off well in expansion
and badly in recessions, such as stocks, will be compensated with risk premium derived from
regime-switching risk.

5.2.3 Dynamics of asset prices. Our model also generates realistic time-variations of stock
and bond returns. Table 9 reports the model-implied yields conditional on different regimes.
Consistent with Bansal and Zhou (2002), we see significant level shifts across different
regimes. In the deep recession regime, the nominal yields are the lowest, mainly because both
consumption growth and inflation levels are low. In addition, high macro uncertainty in this
regime further lowers the yields due to households’ precautionary saving motive. The level of
nominal yield curve in the contraction regime is the highest, mainly because the inflation level
is the highest at this regime. The model also generates different slopes of nominal yield curves
across different regimes. The deep recession regime features the most flat term structure
slope. In the simulation exercise, the term structure slope is sometimes inverted. This is
because, unlike the other two regimes, inflation premium in deep recession is negative, which
makes the term structure tend to be downward-sloping. On the other hand, the interest rate is
expected to mean revert to a higher level, which makes the term structure tend to be upward-
sloping. These two forces largely offset each other, leading to a flat yield curve.

In Table 10, we report the model-implied risk premia for nominal (real) bond returns as
well as equity returns, conditional on different regimes. Following our earlier intuition, in the
deep recession regime, because inflation risk is positively priced, the nominal bond premium
is negative; in contrast, inflation risk is negatively priced in other regimes, so the nominal
bond premium is positive. Because the inflation beta of equity switches signs while the
inflation beta of nominal bond stays negative, we can also get conditional stock-bond
correlations that are consistent with those in Figure 1. Another feature worth mentioning is
that conditional on the contraction and deep recession regime, we have higher premia in both
bond and equity compared those in expansion regime. This is consistent with the findings of
Lustig and Verdelhan (2012).

In Table 11, we report the model implications for bond return predictability of Cochrane
and Piazzesi (2005). Following their approach, we regress the average of the one-year ahead
bond excess returns (with maturity from two to five years) on the one-year, three-year and
five-year forward rates:

1 5
4 Z X210 = Yo + Yifta2 + Voftse + vafieo + ervor

n=2
ly 2y 3y 1y 5y

Conditional on expansion regime
Real yield 1.30 0.99 0.69 041 0.14
Nominal yield 4.64 4.78 492 5.06 519
Conditional on deep-recession regime
Real yield —0.05 -0.27 —0.49 -0.71 -0.93
Nominal yield 175 1.85 1.98 213 2.29
Conditional on contraction regime
Real yield 0.62 0.43 0.20 —0.03 -0.27
Nominal yield 4.78 494 511 5.28 5.43

Note(s): This table reports the model implications of bond yields. The model-implied moments are based on a
long simulation of 500 years’ monthly observations. The yields are reported by averaging the monthly yields
conditional on the regime state variables. The yields are annualized
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1 2 3 4 5

1 2, 4 y y y y y

Conditional on expansion regime

Real-bond holding period return premium -0.19 —0.74 -1.27 -1.77 —2.25

Nom-bond holding period return premium 0.08 0.35 0.65 0.95 1.25

Equity premium 7.42 6077’(7’;]5), 74) 0.54
560 Conditional on deep-recession regime

Real-bond holding period return premium -0.33 -0.84 -1.31 -1.75 —-214

Nom-bond holding period return premium -118 -2.31 -3.34 —4.27 —5.10

Equity premium 10.70 cow(rf), 74) —0.42

Conditional on contraction regime

Real-bond holding period return premium -0.72 —1.42 —2.00 —2.49 —291

Nom-bond holding period return premium 0.88 1.81 2.64 3.36 4.00

Equity premium 878 cow(r}}s), 74) 0.82
Table 10. Note(s): This table reports the model implications of equity and bond premium. The model-implied moments
Model implications —  are based on a long simulation of 500 years’ monthly observations. The risk premia are reported by averaging
equity and bond 1-month nominal/real bond holding period excess returns and 1-month equity excess returns, conditional on
premium regime state variables. The statistics are annualized

n 2y 3y 4y 5y

US data (1952-2021)

Coeff. 0.43 0.86 1.23 1.47

Std. Dev. 0.11 0.22 0.31 0.38

R? 012 0.14 0.15 0.14

Model — normal regression

Coeff. 0.45 0.85 1.20 151

Std. Dev. 0.05 0.10 0.15 0.19

R? 0.127 0.130 0.130 0.129

Model — real regression

Coeff. 0.46 0.86 1.20 1.49

Std. Dev. 0.07 013 0.19 0.24

R 0.062 0.059 0.057 0.054

Note(s): This table reports the nominal return predictability test in the US bond market. Monthly observations

of one—five years yields from June 1952-December 2021 are from the Fama-Bliss datasets. We report the slope

Coefficients b,,,, and R? in single latent factor regression PXppmp = CONSt ~+ by y¥X1m + ervor , in which

7X¢1m,n 1 an m-months excess return on a n-period bond, and 7 ,,, corresponds to a single bond factor obtained
Table 11. from a first-stage projection of average bond returns on three forward rate. Model-implied slope coefficients

Model implications,
single factor projection

and R? in single latent factor regressions are based on a very long simulation of 500 years’ monthly
observations. Standard errors are Newey—West adjusted with 10 lags

We extract a single bond factor 7x;,, =7y + 71/t.12 + 7o/t 36 + 73/2.60 from this regression,
which is subsequently used to forecast bond excess returns at maturity from two to
five years:

PXprmp = CONSE ~+ Dy y¥Xem + ervor.
We replicate their work and extend the sample period to December 2021. The estimates 0,,,,

are positive and increasing with horizons, and a single factor projection captures 12—15% of
the variation in bond returns. From the model, the slope coefficients in the second-stage



regressions increase from 0.45 at two-year maturity to 1.51 at five years, which matches very

well with the data estimates. The model-implied R? in the projections is about 13%, which is
also close to the data. This implies that the model does generate considerable time-variation of
bond risk premium due to both time-varying volatility and regime-switching channels.
The single-factor projections for real bonds delivers a very similar pattern for the second-

stage coefficients. The R? in real regressions are quite substantial, although they decrease
somewhat relative to their nominal counterparts. The predictability in our model comes from
two sources. First, because volatility follows an autoregressive Gamma process, the risk
premium fluctuates even within one regime. Second, as we can see from Table 10, the risk
premium of nominal bonds changes significantly and even switches signs across different
regimes. These two ingredients contribute to the high return predictability inside our model.

6. Conclusion

This paper studies the joint determinants of stock and bond returns in a Bansal and Yaron
(2004) type of LRR framework. A novel ingredient of our model is allowing for regime shifts in
consumption and inflation dynamics. In particular, the means, volatilities, and the correlation
structure of consumption and inflation dynamics are regime-dependent. This rational
expectations general equilibrium framework can (1) jointly match the dynamics of
consumption, inflation and cash flow; (2) generate time-varying and sign-switching stock
and bond correlations, as well as generate sign-switching bond risk premium; and (3)
coherently explain another long list of salient empirical features in stock and bond markets,
including time-varying equity and bond return premia, regime shifts in real and nominal yield
curves, the violation of the expectations hypothesis of bond returns. The model also conveys
the insight that the term structure of interest rates and stock-bond correlations are intimately
related to business cycles, while LRR and volatility risks play a more important role in
accounting for high equity premium than do business cycle risks.

Notes

1. Note that x; and z; are only part of the stochastic expected consumption and inflation, respectively,
which is different with the standard LRR model. We call x; and z; expected growth and inflation
factors, respectively, throughout this paper.

2. The recent COVID-19 recession does cause significant drops in GDP, but it features both low growth
and high inflation because of the shortage of supplies due to social distancing. Therefore, we classify
it as a regular recession in our calibration.
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Appendix 1

Moment-generating function of gamma distribution

We use ¥(«) to denote the moment-generating functions for the Gamma distributed shocks in volatility
states:

W(u) = E(e"n).

For our parameterization of Gamma distribution, the expression for the moment-generating functions is
given by,

Y(u) = (1 — éu)_k,foru < %,



in which:

P- 200

O-L‘(l)

5 — 2 o’?ﬂ)
o:(1—-v,)

It is important to note that even though the volatility shocks are non-Guassian, the model specification
belongs to the exponentially affine class. Indeed, the expectations for the exponential of the state variable
are exponentially linear in the current states, which generally facilitates the solution for our model.

Appendix 2

Model solutions of within-regime LRR model
The dynamics of consumption growth and inflation are characterized as follows:

Aci1 = g+ X + T2 + Or€ep

Tl = Py T 0% + 20+ ©,00E0 111

Xey1 = UsXt + Q0111 + Py P,01€2141,

241 = VRt + Py PrOtExti1 + P,01E141,

6?4—1 = Of(l — V) + 1/56? + Do t11-
The short-run consumption and inflation shocks €., 1 and €;;.1, as well as the long-run consumption
and inflation shocks &, ;.1 and &4 are standard normal. To ensure the positivity of the volatility
process, we assume that the volatility shock @gs;; follows a demeaned Gamma distribution:

O 111 = Dg 11 — E(@4411). The Gamma distribution of @, .41 is characterized by two parameters, so
we specify the mean and volatility of the volatility shocks as.

E(a)o,Hl) = 6?(1 - 1/6)7
Var(@,,11) = o>

cw
Using the Euler equation for the consumption asset, we obtain that the equilibrium log wealth-to-
consumption ratio v, is linear in the states of the economy:

v = Ay + Ay + Azi + A0

Using the Euler equation (3) and the assumed dynamics of consumption growth and inflation, we derive
the solutions coefficients A, A, and A, as follows:

E
Ax - 1- K1Vy

(-0
A, Yy

1-— K1U;

1 2

6|:<1 - J) + Kf{(AX +A2pzx)2(p;zr + (Ax/)xz + A2)2¢§}:|

A = 21 — k1)
1

0log s + 9(1 - 7) U, + Oky + log¥® (0K, A,)

4 = v

9(1 — K])
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CFRI Using the equilibrium solution to the wealth-to-consumption ratio, we can write the expression for the
124 real discount factor as follows:
b

2
M1 = Mo + MaX + M2t + M0, — AOtEcpi1 — AxPrOtEcpyl — 4@,01E2441 — AoWo t41-
The solutions to the discount factor loadings are given by,

64 my = 0logs —yu, + (0 — Do + (0 — D)Ao(kr — 1) + (6 — D1 A0*(1 — v,

1
m, =-——
W
7
m, =——
W

my = (0 — 1A (kiv, — 1)
The market prices of systematic risks can be expressed in terms of underlying preferences and
parameters that govern the evolution of consumption growth and inflation:

=7,

A= (1 - G)Kl (Azpzx +AJ~)
A= (1 - G)Kl(Axpxz +AZ)7
do = (1— O)ciA,

We denote g, and qfn as the equilibrium solutions to the real and nominal #-period bond prices,
respectively. Using the Euler equation, the equilibrium solutions to the real bond prices are affine in state
variables:

din = _BO.n - Bx,nxt - BZﬂZt - B{r,ng?v

in which the loadings satisfy the recursions:

B()‘n = BO,n—l — my — log‘P( — /1(,, — B(;‘n_]) + B,;_n_lﬂf(l — l/)7
Bx,n = Dy p-1Vx — My,
szz = Dzp-1V; — Mz,

2 71/12.

1 1
Bﬂ,n = Dop-1Vog — My — 7(%5 + Bxﬂ—l + Bz‘n—lpgx)ZQDZ - 7(12 + Bx,ﬂ—lpxz +BZ<H71)2(P3 2 ¢

2 2
We define the holding period return of bond as rbg'fl = Qt+1.4-1 — qt, and obtain:
1) = Gop + Genty + Gonzt + GonG? + Bl @018 cri1 + B @.01Es 001 + Bl @arin
in which,
Go,n = Bo,n - BO,n—l - Bﬁ,n—lo—?(l - l/)7
Gx,n = Bx,n - Bx,n—lym

Gz‘n = Dzy — Bz,n—l’/za
Ga,n = Bn,n - Bo*.,n—l’/m



and the betas are.
ﬂ;b( 2 =—Bip1 +B.u1py),
B, = —Binrpy + Benr),
ﬂf’m = ~By1.
The risk premium is,
rp, = —Cov(m,+1, rbm\ L)
= —[(Beno1 + Boyo1Po) 2@’ + (Bipo1P + Bon1) 192167 — By yori A0,
The discounts factor used to price the nominal payoff is given by,
m?ﬂ =Myl — Ty
mg + mfxt + mfz, + maaf — AOr€ 141 — AxP,01E0 111 — A @,01E, 141 — ApWo 41 — Aiﬁt&:.tﬂ
The solutions to the discount factor loadings are given by,

$
My = Mo — Yy,

1

mi :_Effx:
T

m =-—=-1,
%

5 =0,

Similarly, when we use the equilibrium solution to the nominal discount factor and the Euler equation,

the nominal bond prices are affine in state variables,

q?n = B$ B$ Xt — BS B$ U?,

X0 on

in which the nominal bond loadings satisfy the recursions:

on—1

Bg,n = Bg,n—l - ng - IOglP( — Ao — Bz.n—l> B$ 62( )

B =B v,—m

xn X, X0

ST o ] $
Bz,n - Bz,n—lyz —m

29

1 1
Bi n Bi,n—ly(f — M — é(/ll + Bx,ﬂflgox + B&ﬂ*lpxz)z - é(lz + BX«,Hflpzx + BZ,ﬂ*lQDx)Z
1 1
__/12 - /1$
ety
The holding period return of the nominal bond rbi(rnl = qt L1 qm has a similar form of loadings on

state variables and shocks to the real bond except that we replace B coefficients with B
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12,4 Solutions to LRR model with regime switching

3.1Price-consumption ratio
We conjecture that the log price-to-consumption ratio v; (j) is linear in the states of the economy:

v(j) = Ao(j) + A1()'Y,
From Campbell-Shiller decomposition, we obtain,
Terr1(7, k) = Ko(k) + k1 (R)veria (k) — 0ee(7) + Acra (7).
Then, given s; = jand s;+1 = k, we obtain,

Mis1 +7eri1 = Bo(i k) + Bi(i, B)'Y: + Bo(R) (Gi()ea + @l.,,),

566

in which,
By(j,k) =0logs+ 9<1 - é) iu(f) + Oko (k) + Ok (k) [Ao(R) + A1 (R)'u(j)] — 0A0(j)
. 1 N N .
Buj.k) = e[<1 - ;)F@) o+ k(RFG) Ar(k) — AyG)

By(k) =0 [(1 - é) o+ Kl(k)Al(k)}

Ao(7) and A1 (7) can be jointly determined by the following equations,
1 = Ejlexp(my1 + 7c441)]

%]

Z 7*E[exp{By(j,k) + Bi(j, k)Y, + Bo(k) (G (j)evsr + @)1) }| Ls Si1]

=1

By(j, k) + log®[By(k) es| — Bs(k)'eselu(j)

S
Z: +{Bl(j, k) + %Bz(k)'H,,(i)'Bz(k)eg,}/E

forj =1,2,...S. We log-linearize the above equation around the unconditional mean () as

al) o a0y

0= IOg[gOO)] - (]) (7)

pU) +

in which,

Bo(j, k) + 10g¥ [Ba(k) es| — By (k) eseiu(f)

S
G = =" '
0= 2 B+ bV HG B



BO (j, k) =+ 10glp [Bz (k),85] — Bz (k)/ese’su (])

o) B + @ G B | )
£10) ; exp { 2 }

x {Bo B+ %Bz<k>'ng>Bz<k>es}

Since the above equation holds for all 7, we should obtain,

logleo (/)] —i((’)) u(j) =0,
gl(j) _
go—(/) = Ogx1

forj =1, 2, ...S. With (7 X S) equations, we can determine (7 X S) unknowns jointly: A (/) and 4; (7)
forj=1,2,...S.

3.2 Discount factor
The equilibrium discount factor can be written as follows:

M1 (G,k) = mo(i k) +my (G, k) Yy — AR) (G/()er + @)

in which,

m(j, k) = 0log & — yeiu(j) + (60 — 1) [ko (k) + K1 (k) { Ao (k) + A1 (k) u(j) } — Ao(f)]
mi(j, k) = =yF(j) er + (0 = 1) [ka (R)F () Av (k) — A1 (7)]
and the market prices of risks are,

A(k) = yer + (1 — O)xr (k) Ay (k)

3.3 Return to consumption claims
We can express the return on consumption claims as follows:

Fernn (k) = Ko(R) + k1 (R)ver i1 (k) — ves(G) + A ()
= Jo(i, k) + 11, k)3 + Bo(R) (Ge(i)era + ).)

in which.

JolGs k) = eyu(j) + o (k) + k1 (k) [Ao (k) + Av (k) u(7)] = Ao()
N1G:k) =F(j) er+ k1 (R)F () Av (k) — Ar j)
pe(k) =e1+xi(k)As (k)

3.4 Return on equity
We conjecture that the log price-to-dividend ratio v,,; () is linear in the states of the economy:

Ut (]) - AO,m (]) + Al,m (]), Yt
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CFRI From Campbell-Shiller decomposition, we obtain,
12,4 7m,t+1 (7-7 k) = KO,m(k) + K1,m (k)vm,Hl (k) - vm.t(f) + Adt+1 (])

Then, given s; = jand s; = k, we obtain,
M + 7m,l‘+1 = BO,m (j7 k) + Blm (ja k)lyvt + BQ,m (k)/ (Gt(i)gt+l + (»U;Jrl)
in which,
BO.m (].7 k) = Wlo(ﬁ k) + Kom (k) + K1m (k) [Ao,m (k) + ALm (k)/ﬂ(f)] - AO,m (7) + elaﬂ(st)
By, k) = F(j)es +mi(,k) + x1n(R)F () AL (k) — A1w ()
BZ.m (k) =+ kl,m (k)Al,m (k) - A(k)

Aom(j) and Ay ,,(7) are jointly determined by these following equations:

568

1 = Eexp(ms1 + #mpe1)]

S
= Z ﬂ]kE[EXp{Bo,m(j, k) + Bim(, k)Y, + BZ,m(k),(Gt(j)gH—l + a/m) }| I, SH—]]
=1

S BO,m (], k) + log‘P [Bz_’m (k)/€5] — BZ,m (k),€5€,5//l (])
=2 " |exp N1 | '
k=1 +{Bl,m <]7 k) + EBZ,W (k),Ha (]) BZ,m (k) 65} Yt

forj =1, 2 ...S. We log-linearize the above equation around the unconditional mean y (j) as,

_ 81m (7) - 81m (,7)
gO.Jn (,7) (]) + g()m(j) Yt’

0= 10g [gO.m (])]

in which,

Bon(j, k) +10g% [Bs,n(k) e5] — Bau (k) eseip(f)

S
Gomlj) = ) " exp /
0 B + B b Hol) Ben s )

BO‘m U7 k) + IOglP [BZ,WL (k)leS] - BZJM (k),%efr,/l (])

exp . 1 o r
any =)\ Bl B 8 Ho B (s | )

o[BG8 4 B B He B e

Since these equations hold for all j(j = 1,2, ... S), we should obtain,

1og g ()] —é;o";—(’(%m) ~0
gl,mO:) :Oﬁxl

gOm (])



forj=1,2,...S With (7 X S) equations, we can determine (7 X S) unknowns jointly: Ay _,,() and A1 ,,,(7)
forj=1,2...S
We can express the return on equity as follows:

77n,t+l (ja k) = Ko (k) + K1m (k)vm‘Hl (k) - vm,t(j) + AdHl (])
= Jon (i, k) + Tun G, R)' Y+ Ba(R) (Gi()era + @])

in which,

Jom(, k) = eés/"(j) + Kkom (k) + K1m (k) [AOM(k) + 4, m(k)'ﬂ(i)] = Aom()),
jl,m (j? k) F(]) €6 + K1, m(k)F(]) Al m (k) Al m(])
ﬂd(k) =5+ Kl,m( )Alm(k)

3.5 Real bond prices
The log prices at period ¢ of real discount bonds with 7 periods to maturity, ¢;,, satisfy the Euler
equation:

€xp ((Jr,n) = Eyexp (Wlm + Grr10-1)-
The log bond price also has an affine structure of the states of the economy,

qt,n(j) = Bo,n(j) + Bl,n(j)/yl“

The coefficients By, and By, are state s; dependent, and satisfy the following recursive relations,

Bo,(j) = loglgos ()] — ijb%)) u(j),
glb(])
BMO) gu,b(])

in which,

s Dy(j, k) + log¥ [Ds(k)'es| — Ds(k) eseip(f)
W) =S :

) = 3y exp +{D1(7}k) +%Dz(k)’Ha(i)Dz(k)es} u()

Dy(j, k) + log¥ [Dy(k)'es| — Ds (k) esesu(j)

{10 + DL GD:(bIes 1)

S
S0p() = "< exp
k=1

Do(j, k) = mo(j, k) — By (B) — By () ()
Di(j, k) = my(j, k) — F(j) Byuos (k)
Dz(k) = —[A(k) +Bl,n—1 (k)]

with By, (j) = B1,(j) = 0 (real bond that matures now has a price of one).
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CFRI We define the holding period return of bonds as rbﬁ)] = qﬁ}l) —¢!"), and thus,

124 1B (G, k) = GopG, k) + GG, k) Yy + By, (G ) (Gii)era + @).,),
in which

Gon(j,k) = Bou(j) = Bon-1(k) — Biya (k) u(j)
570 Gl,n (jy k) = Bl,n (]) - F(]-)IBI,n—l (kSHl)
PoaUs k) = =Brua(k)

3.6 Nominal discount factor
The equilibrium stochastic discount factor can be written as follows:

mz-l =Myl — T = mgU: k) =+ m?(ﬁ k),xt - A$(f, k),(GtU)gH—l + wi+1)7

in which,

my(j, k) =mo(j, k) — eyu())
mi(j, k) =m(j, k) — F(j)e
NG, k) = A(k) + e

The nominal bond pricing and nominal bond risk premium work exactly the same as the real bond case.
We can use the same recursion to compute nominal bond price except that we replace the real SDF, m; 1,

with the nominal SDF, m‘? e
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