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1 Introduction

The information content of the term structure of interest rates has been studied in-
tensively. Despite the poor empirical performance of the leading theoretical model,
the expectations hypothesis, the yield curve is widely used as an indicator of mone-
tary and financial conditions. According to this theory, the spread between long- and
short-term yields contains information about the future course of interest rates. This
paper sidesteps these short-run issues and focuses on the long-run implications of the
expectations hypothesis. The hypothesis implies that long and short rates should be
cointegrated with cointegrating coefficients summing to zero.

While the cointegration properties of the term structure are studied widely, another
strand of multivariate modelling analyzes regime shifts in the stochastic processes
generating interest rates. These lines of research are largely separate strands of the
literature. Furthermore, recent research points to instability in the short-run dynamics
of cointegrating models of the term structure. These studies either assume one-time
structural shifts at predetermined dates or non-linearities governed by an observable
threshold. Thus far the cointegration properties and the Markov-switching behavior
have not been studied jointly. Previous cointegration studies are not capable to shed
light on shifting risk premia and other regime-dependent dynamics which are likely to
be induced by shifts in monetary policy.

This paper provides an unifying approach and introduces regime shifts into the coin-
tegrated VAR model of the term structure. The state variable is unobservable and the
model endogenously determines the characteristics of the regimes and the break dates.
Drawing on recent empirical research this paper argues that the cointegrating relation
linking long and short yields is likely to be robust to regime shifts while the short-run
dynamics including the term premium and the equilibrium adjustment are dependent
on the prevailing unobservable regime. Thus, this paper reconciles fluctuations in
stationary risk premia and error-correction parameters with the long-run equilibrium
relation implied by the expectations hypothesis. This approach offers valuable insights
into how monetary policy regimes are reflected in term structure dynamics.

We fit a Markov-switching vector error-correction model (MS-VECM) to monthly
U.S. data where the risk premium, the short-run drifts, and the loadings are regime-
dependent. Given the one-to-one cointegrating relation between the three-months and
various long rates and, thus, the stationarity of risk premia, the model is able to detect
discrete shifts in the stochastic process corresponding to well known episodes of U.S.
monetary policy.

The model identifies two distinct regimes that differ mostly with respect to interest
rate volatility. We find that the high-variance regime prevails during the non-borrowed
reserve-targeting episode of Federal Reserve policy in 1979-1982 and other periods of



rising inflation expectations. Shifts to this regime imply increasing risk premia at the
short end of the term structure and decreasing risk premia for longer maturities. This is
consistent with decreasing long-run inflation expectations accompanied by increasing
inflation expectations for a short horizon up to twelve months. Furthermore, the
adjustment of long rates towards the equilibrium yield spread is much faster when
interest rate volatility is high. A second regime reflects the stable post-1987 period
characterized by low premia for short and intermediate maturities, low volatility, and
small expected changes in long-horizon interest rate forecasts. Thus, we supplement
recent findings of e.g. Hansen (2003) who identifies regime shifts at predetermined
dates. This paper, on the contrary, lets the model endogenously choose the dates of
regime shifts and models recurrent structural change supported by a large literature
as opposed to occasional structural instability.

The plan of the paper is the following: The next section derives the cointegrating
properties from a simple exposition of the expectations hypothesis and provides a
brief review of the literature. Section three sets up a linear VECM and tests the
cointegrating properties for U.S. data while section four proposes a regime switching
VECM approach and interprets the findings. Section five finally concludes.

2 Information in the term structure of interest rates

This section gives a brief overview of recent research on the equilibrium relationship
between interest rates of different maturity. We first derive the cointegrating properties
implied by a standard formulation of the expectations hypothesis of the term struc-
ture and then survey the existing evidence with a special focus on the regime-shifting
behavior of interest rates and, hence, the term structure.

2.1 Cointegration and the expectations hypothesis

The expectations hypothesis of the term structure of interest rates implies a stable one-
to-one relationship between short and long rates. Suppose an n-period pure discount
bond yields R;(n) while the forward rate Fi(n) is the yield from contracting at time ¢
to buy a one period pure discount bond at time ¢t +n which matures at time t +n+ 1.
Then it holds that F;(0) = R¢(1). The Fisher-Hicks formula gives

n—1
Ri(n) = = 3" F() (1)
=0

The expectations hypothesis says that

Fi(n) = Bt (Rin(1)) + 0 (n) (2)



where 0 (n) is the risk premium and F; denotes the expectations operator based on
information at time ¢. Substituting gives

n—l
Ri(n) = % Z (Bt (Re1j(1)) +0(45)) (3)
jZO

n—1
1
= — DB Ry ()| +6(n)

with ¢ (n) = %Z?;& 0 (j) as the average risk premium. The pure expectations hy-
pothesis requires ¢ (n) = 0, while weaker versions restrict this term to be constant or
stationary. This no-arbitrage condition says that the long rate equals the weighted
average of the expected short rates. The term premium measures the additional gain
from holding long-term bonds relative to rolling-over one-period bonds. Using the
identity

J
E(Rers (1)) = 3 By (ARusi(1) + Ro(1) (4)
i=1
and rearranging results in

n—1 J
Ru(n) = R(1) = — | 303" B (ARwa(V) | + 6 (n) )
j=11

i—1

where A is the difference operator. Assuming that R;(1) and R;(n) are integrated
of order one, I(1), it follows that the right-hand side of (5) is stationary (given a
stationary risk premium). Thus, the linear combination R:(n)— R¢(1) is stationary. In
other words, the vector z; = [Ry(n), R¢(1)]’ is cointegrated with a cointegration vector
B = (1,—1). The necessary condition for the expectations condition to hold is that
we can impose the restriction 3 = (1, —1)" onto the yield spread. In this case the term
premium is stationary.

The risk premium ¢ (n) will later be reflected as a constant in the cointegrating space.
Note that the relation described by (5) holds for any pair (n,1). In the following we
assume that the short rate is the three-months interest rate R;(3) and analyze the
spread Ri(n) — Ry(3) for n € {6,12, 36,60, 120} months.

The seminal work of Campbell and Shiller (1987) shows that present value models
imply cointegration. They find a cointegrating vector of (1,—1)" as required by the
expectations hypothesis. These cointegrating properties of the term structure are also
examined by Hall, Anderson, and Granger (1992) in a VECM for twelve variables.
They find a cointegration vector consistent with the theory. Shea (1992) examines
pairwise cointegration relations and finds mixed evidence. Engsted and Tanggaard



(1994) find support for the long-run implications of the expectations hypothesis for
the U.S. while Cuthbertson (1996) provides support from UK interbank data.
Although these studies suggest that the term premium is stationary, a large body
of research initiated by Engle, Lilien, and Robins (1987) confirms the time-varying
nature of risk premia in excess holding yields that increase with volatility. Hence, a
main point of term structure modelling is to quantify the size and the behavior of the
term premium. This paper supplements existing cointegration studies by showing the
dynamics of the term premium given its stationarity.

2.2 Regime shifts in the term structure

A large strand of the literature argues that regime shifts in monetary policy translate
into regime shifts in interest rates and, thus, into regime-dependent behavior of the
term structure. The change in the operating procedures of the Federal Reserve between
1979 and 1982 are frequently seen as a potential source of shifts in the term structure
motivating many Markov-switching applications. In 1979 the Federal Reserve moved
from interest rate targeting to money growth targeting and allowed the interest rate to
fluctuate freely. This shift resulted in dramatically higher and more volatile short-term
interest rates as can be seen from figure (1) and induced a change in the stochastic
process of the entire term structure.

Sola and Driffill (1994) estimate a vector autoregression (VAR) for three and six months
rates and allow for Markov regime shifts. They find their multivariate model to be more
efficient than Hamilton’s (1988) original regime-switching contribution. Regime shifts
occur between 1979 and 1982 during the monetary targeting intermezzo of the Federal
Reserve.? Similar studies by Kugler (1996) and Engsted and Nyholm (2000), among
many others, for Swiss and Danish data support the regime-dependent behavior of the
term structure and provide mixed results on the validity of the expectations hypothesis.
The regime-dependent nature of term structure dynamics is a stylized fact.? However,
the aforementioned studies model shifts in interest rates in a stationary VAR system
in first differences since interest rates are likely to be I(1). Thus far the cointegrating
properties and the regime shifts are treated separately.? This paper, on the contrary,

*Fuhrer (1996) shows that minor shifts in the coefficients of the central bank’s reaction function
can significantly affect the behavior and the information content of the term structure. Cogley (2003)
uses a bivariate Bayesian VAR with interest rates of different maturity and allows for drifting condi-
tional means and stochastic volatility of the innovation variance to study the changing nature of term
structure dynamics.

3 Additional evidence on the regime-dependent stochastic processes determining interest rates is
presented in Ang and Bekaert (2002), Bekaert, Hodrick, and Marshall (2001), and Gray (1996).

4The short-term predictive power of the term structure for future interest rates may be severely
impaired by the existence of a peso problem when the sample moments do not coincide with population
moments taken into account by rational agents. Peso problems provide an additional motivation to



proposes a joint modelling approach.

Another line of research studies potential instability in cointegrated systems and ap-
plies various testing procedures to term structure data. Hansen (1992a) develops a
Lagrange-Multiplier test for parameter instability and finds a stable one-to-one re-
lationship. Hansen and Johansen (1999) elaborate a recursive maximum likelihood
procedure that employs the time paths of the eigenvalues to analyze the stability of a
VECM. This test confirms the constancy of the cointegrating vector for a set of four
U.S. interest rates. Hansen (2003) generalizes Johansen’s (1988) maximum likelihood
procedure to allow for structural change. He finds significant changes in the short-run
dynamics of the VECM in September 1979 and October 1982 but cannot reject the
hypothesis of a stable long-run equilibrium. The risk premium, the variance-covariance
matrix, and the adjustment coefficients are subject to discrete shifts while the cointe-
grating vector is unaffected by shifts in monetary policy. This econometric exercise,
however, requires the dates of the regime shifts to be known in advance and tests for
multiple breaks as compared to recurrent shifts between a predetermined number of
distinct regimes. The attractiveness of the Markov-switching approach, on the con-
trary, is that the model endogenously separates regimes arising from a probabilistic
process and dates their shifts without imposing a priori break dates.

Related studies argue that the term structure is characterized by non-linear and asym-
metric adjustment towards the equilibrium in the sense that a regime-shift occurs once
the spread exceeds a threshold. Hansen and Seo (2002) and Seo (2003) develop a
threshold cointegration model and find evidence of non-linear mean reversion. While
the state variable is observable in their case, this paper puts forward a regime-switching
model with an unobservable state variable. Moreover, while these studies model non-
linearity depending on the size and the sign of deviations from equilibrium, the model
presented in this paper exhibits non-linearity over time.

It appears as a consensus view that the long-run cointegrating properties of the term
structure are robust to regime shifts. In fact, Engsted and Tanggaard (1994, p. 175)
argue that "the one-to-one relationship between long- and short-term rates given by
the expectations hypothesis is not in any way dependent on the specific process gener-
ating short-term rates. If the expectations hypothesis is true, we therefore expect the
cointegration implications to hold for the whole period and not just in periods of stable
monetary policy". Hence, the low frequency properties of the term structure (i.e. the
cointegrating vector) should be robust to regime shifts while the high frequency prop-
erties (i.e. the risk premium and the short-run dynamics) are likely to reflect regime
shifts. This approach is pursued in the remainder of this paper.’®

employ state-dependent regression models, see Bekaert, Hodrick, and Marshall (2001).

’In related work, Gutiérrez and Vazquez (2003) analyse how the predictive content of the spread
for short rate changes has changed over the post-war period. They find one regime with a random-
walk behavior of the short rate and another with a high and volatile rate where the spread has some



Recently, a strand of the finance literature incorporates regime-switching behavior in
factor models of the term structure. Examples are Bansal, Tauchen, and Zhou (2003)
or Dai, Singleton, and Yang (2003). These studies exclusively treat interest rates as
stationary variables and, therefore, cannot account for long-run equilibrium relations.
The studies surveyed here cannot detect the regime-switching dynamics of risk premia
in the presence of cointegration in the long-run. As Kozicki and Tinsley (2002) note,
there might be considerable variation in risk premia over time which are possibly re-
lated to the behavior of monetary authorities. We model a cointegrated VAR model
for a pair of yields and allow for unobservable regime shifts in the term premium, the
short-term drift, and the error-correction mechanism given a stable long-run equilib-
rium.

2.3 The data set

We employ interest rate series obtained from the Federal Reserve Bank of St. Louis.

The data set covers the period 1970:01 to 2004:02 at monthly frequency and com-
prises interest rates (in percent p.a.) on U.S. bonds for maturity (in months) n €
{3,6,12,36,60,120}. A pairwise plot of the series is presented in figure (1). The
spreads relative to the three-months rate are depicted in figure (2). Evidently, the
mean of the interest rate spread as well as interest rate volatility experience structural
changes across subperiods.

Standard Augmented Dickey-Fuller and Phillips-Perron tests, whose results are re-
ported in table (2), cannot reject the hypothesis of a unit-root for each maturity. In
other words, Ry(n) is I(1) as found by previous research.” Moreover, the Kwiatkowski-
Phillips-Schmidt-Shin test rejects the hypothesis of stationarity. We refrain from test-
ing for a unit-root in the interest rate spread since we will perform a much more
powerful test for the prespecified cointegrating vector 3 = (1, —1) in the next section.
Table (1) provides some descriptive statistics of interest rate differentials that will turn
out to be useful for cross-checking subsequent results.

predictive ability.

This data set is publicly available under http://research.stlouisfed.org/fred2/.

"While interest rates are found to be I(1) by the overwhelming majority of empirical research, it
is certainly difficult to motivate this finding theoretically. An interesting perspective is offered by
[1]Ait-Sahalia (1996). He tests different continous-time models for spot rates and finds that interest
rates behave like a random-walk in the interval [4%, 17%] while they show mean-reversion outside this
spectrum. Therefore, it is difficult to reject the hypothesis of a unit-root over relatively short time
periods.



3 The cointegrating properties in a linear VECM

To study the cointegrating and the regime-switching properties we proceed in two
steps. In this section we develop a bivariate VECM approach for the term structure.
The cointegrating properties are derived using Johansen’s (1991) maximum likelihood
procedure for a linear VECM. In a subsequent section the model is extended to include
regime-dependent coeflicients given these cointegrating properties.

Assume that we can describe the pairwise dynamics of long- and short-term interest
rates by a bivariate VAR(q) system

o =v+A1xi_1+ ...+ Aq,It_q + & (6)

with z; = (Ri(n), R¢(3))" and normally distributed Gaussian innovations e; ~ N (0, X).
The intercept terms are collected in the (2 x 1) vector v. By subtracting z;—; from
both sides this system can be written as a vector error-correction model (VECM)

qg—1

Axy =v+1xiq + Z DAz + et (7)

i=1
withIIT=—(I-=>%,4)and Iy = — (Aig1 +... + 4y) fori=1,..¢ — 1.
Given that the variables in x; are I(1) Johansen (1991) formulates the hypothesis of
cointegration as a reduced rank restriction on the II matrix with

II=af

where a and (3 are (2 x r) matrices. We can interpret rank(Il) = r as the number of
stationary long-run relations while the cointegrating vector (§ is determined by solving
an eigenvalue problem. Thus, 3'z; is a stationary long-run equilibrium relation with
the adjustment towards the equilibrium driven by the vector of loadings «.

Estimating the cointegrated VAR model requires a specification of a lag order ¢q. The
standard Akaike and Schwartz criteria as well as the Hannan-Quinn criterion reported
in table (3) recommend different lag orders. Since subsequent models will be heavily
parameterized we favour a parsimonious specification. We interpret the lag length
recommended by the SC, which uses the higher penalty for extra coefficients and is
therefore more rigid, as the guideline. However, the ultimate choice is determined
following tests for serial correlation of the estimated residuals. Therefore, we estimate
in VAR model with a lag length of ¢ = 4.

The constant v is restricted to lie in the cointegrating space spanned by «a for two
reasons. First, a look at the data series in figure (1) does not suggest the presence of
a linear trend. Second, the restricted constant in the cointegrating space corresponds
to the risk premium derived in the theoretical discussion presented above.®

8The treatment of the constant has no effect on the estimated rank or the cointegrating properties.



The results of Johansen’s (1991) maximum likelihood estimation of the IT = a3’ ma-
trix are presented in table (4). For each pair of maturities 2} = [R¢(n), R¢(3)] the trace
test and the maximum eigenvalue test cannot reject the hypothesis of r < 1 while
the hypothesis of r = 0 is clearly rejected in all cases. The strength of the cointe-
grating property weakens with maturity as reflected by the maximum eigenvalue \™**
which decreases as maturity n increases. Thus, we find strong evidence in favor of
cointegration and can set 7 = 1 in subsequent estimations.

In addition, the cointegration test developed by Horvath and Watson (1995) supports
the presence of a cointegrating relation. Moreover, this test, which evaluates the
hypothesis of no cointegration against the alternative of a cointegrating vector with
unit coefficients, supports the prediction from the expectations hypothesis. Note that
this test amounts to a standard Likelihood-Ratio test for the presence of the candidate
error-correction terms in a first difference VAR and is more powerful than conventional
unit-root tests applied to the interest rate spread.

To test the implications of the expectations hypothesis we impose restrictions onto
the cointegrating vector 8 = (Biongs Bshore)’- In table (5) we normalize 3y,,, = 1
and impose the restriction 3 = (1,—1) on the system. This restriction cannot be
rejected in almost any of the scenarios using Likelihood Ratio tests. The restriction is
rejected for the [R;(12), R;(3)] pair. Given the results of the aforementioned powerful
Horvath-Watson test, however, we proceed as if the unitary coefficient were accepted.
Thus, we find strong support for the cointegrating implications of the expectations
hypothesis: long and short rates cointegrate with a cointegrating vector 8’ = (1, —1).
The stationary linear combination indeed corresponds to the spread implied by the
expectations hypothesis.

While at the short end of the term structure the long-run equilibrium is given by
R:(6) — R¢(3) = 0.15, the constant grows to 1.96 for the widest yield spread. As
discussed earlier, this intercept in the cointegrating equation can be interpreted as a
risk premium embedded in long rates. The risk premium increases monotonically with
maturity.

The adjustment of Ax; towards the long-run equilibrium is described by the vector
of loading coefficients a = (along,ashon)/. In theory, both adjustment parameters
should be positive because a larger spread 'z; means that long rates earn a higher
interest rate, so long bonds must eventually depreciate and the long rate must rise to
equilibrate the system. Since the expectations hypothesis claims that the long rate is
an average of future short rates, the short rate is also expected to rise. However, we
find this prediction to be satisfied only at the short end of the term structure, see table
(5). In all other models, ajong < 0 and agpere > 0. This pattern is inconsistent with the
short-run implications of the expectations hypothesis but is in line with the existing
empirical evidence. Campbell and Shiller (1991, p. 496) argue: "In a nutshell, when



the spread is high the long rate tends to fall and the short rate tends to rise". Testing
for weak exogeneity of either interest rate series amounts to restricting the respective
adjustment coefficient to zero. In all but one case azport = 0 can be rejected while
Qong = 0 cannot be rejected at the short end only. Thus, some of the equilibrium
adjustment occurs through movements in the short rate and not the long rate. This is
somewhat surprising given that fact that movements in the short rate should closely
reflect monetary policy set autonomously.

Before estimating the regime-switching model we test whether the residuals from the
linear VECM exhibit non-linearity in the sense of deviation from the assumed I1D
distribution. For this purpose the Brock-Dechert-Scheinkman (BDS) diagnostic test
is applied which tests the null hypothesis of linearity against an unspecified non-linear
alternative.” The test statistic derived by Brock et al. (1996) is asymptotically normal
and is reported in table (6) for alternative parameter constellations. For all VECM
specifications the hypothesis of linearity is rejected at highest levels of significance.
Thus, it seems that the linear VECM fails to capture non-linearities prevailing in the
true data-generating process.

Since we cannot reject the long-run implications of the expectations hypothesis, we now
turn to the analysis of regime shifts in the short-run dynamics given this estimated
long-run equilibrium relationship.

4 A Markov-switching VECM

In this section a Markov-switching VECM is proposed that generalizes the model
described by (7) to account for regime shifts. In other words, the model is piecewise
linear in each regime but non-linear across regimes. If the number of regimes is set
to unity, the model collapses to (7). Clarida et al. (2003) and Sarno, Thornton,
and Valente (2002) use a similar approach, although for different purposes. They
are primarily interested in the forecasting properties of the MS-VECM and do not
disentangle regime-shifting parameters to gain information about the behavior of the
term premia.

We model regime shifts given the one-to-one equilibrium relationship found in the pre-
vious section. Certainly, the well-established framework developed by Johansen (1991)
models long-term properties for linear systems. However, recent work by Saikkonen and
Luukkonen (1997) shows that these procedures originally developed for finite Gaussian
VAR systems can be employed when the data are generated by an infinite non-Gaussian

9Psaradakis and Spagnolo (2002) compare the relative performance of portmanteau-type tests to
detect nonlinearity generated by Markov regime-switching. They conclude that the BDS test is gen-
erally very powerful.

10



VAR.!? Thus we follow the considerations of Krolzig (1997) and the empirical work by
Krolzig, Marcellino, and Mizon (2002), Sarno, Thornton, and Valente (2002), Clarida
et al. (2003), and Francis and Owyang (2003) and proceed in two steps by impos-
ing the cointegrating properties derived in the linear model onto the regime-switching
model.

4.1 Model specification

Suppose that the system describing short and long rates is driven by an unobservable
discrete state variable s; = m with two possible regimes m € {1,2}

q—1
Az = "U(St) +1I (St) Ti—1 + Z I; (St) Axi_i + e (8)
=1
er ~ N(0,X(s))

In contrast to the model in (7), the vector of intercept terms v(s;), the error-correction
terms « (s;), the dynamics of the stationary part T'; (s;), and the variance-covariance
terms X (s¢) of the innovations of this VECM are conditioned on the realization of the
state variable. Note that 3 is regime-independent. Given the long-run equilibrium
relationship we can safely impose 3 = (1, —1) derived in the previous section. Fur-
thermore, we can decompose the regime-dependent vector of intercepts into one part
entering the cointegrating space and one part affecting the short-run dynamics Az,

q—1
Axy—6(s) = a(sy) [Baey —p(s)] + > Tils) [Awei —8(s) +e (9)
i=1
where
E (AJIt’St) = 4 (St)
E (5’%—1\81&) = p(st)
with
w(sy) = [(a'a)fl o (IC — I)v]st} (10)
and
5(st) = [ﬁL (O/J_Fﬁl)fl ou_v\st} (11)
whereI' =1 -T1—...—Ty_1and C = 3 (o/LFﬁL)*l o . The orthogonal complements

a, and 3, have full rank and are defined by o/a; = 0 and @3, = 0. This decompo-
sition is formally derived in the appendix. Thus, shifts in v(s;) translate into changes

10The power of residual-based cointegration tests, on the contrary, usually falls sharply in the pres-
ence of regime shifts. See Gregory and Hansen (1996) for this issue.
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in the mean of the equilibrium relation yu(s;) of the system and in the expected vector
of short-run drifts §(s;). Hence, both Ax; and 3'z;_1 are expressed as deviations from
their means. In other words, each regime s; is characterized by a particular attractor
set (u(st), 6(s¢)). Following Hansen (2003), among others, the coefficient y corresponds
to the term premium ¢ included in the theoretical model. Thus, the model is able to
capture shifts in the risk premium g along with shifts in the drift and in the variance-
covariance matrix of the innovations. We relax the assumption of linear adjustment
towards the equilibrium and let also the vector of adjustment coefficients « (s;) and
the matrices of the autoregressive part to be regime-dependent.

Hamilton (1988) proposes the application of unobservable Markov chains as regime-
generating processes

prob(sy = jlsi—1 = 1,812 = k,...) = prob(s; = j|si—1 = 1) = pij (12)

In the class of models applied here the regime that prevails at time ¢ is unobservable.
The Markov property described in equation (12) says that the probability of a state
m at time ¢, i.e. s; = m, only depends on the state in the previous period, s;_1. The
transition probability p;; says how likely state ¢ will be followed by state j. Collecting
the transition probabilities in a (2 x 2) matrix gives the transition matrix P

p11 p21] (13)
P12 D22

pP—=

where the element of the i-th column and the j-th row describes the transition proba-
bﬂity pij.

Since the state variable is assumed to be unobservable, the estimation procedure is
based on the iterative Baum-Lindgren-Hamilton-Kim-filter (BLHK-filter), that infers
the regime-probabilities at each point in time.!! As a by-product of the filter-inferences,
a likelihood function is derived and maximized in order to obtain parameter estimates
of model parameters. The log-likelihood function L(0|Y7) is given by the sum of
the log-densities f(.) of the observation y; conditional on the history of the process
Y; = {y,}._, with a sample size T

T
L(OYr) = In f(yulYi-1;0) (14)
=1
with
FWelYio1;0) = f(ye, 86 = 1Yi-1;0) + f(ye, 5t = 2|Y;-1;0) (15)

2
= Z f(yelse = m, Yi—1;0) - prob(sy = m|Y;—1;0)

m=

—_

""Details about the estimation and filtering techniques are provided by Krolzig (1998).
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where the second part of this expression follows from applying the rules of conditional
probabilities saying that f(y:, st = m|...) = f(y¢|...) - prob(sy = m|...). The non-linear
EM algorithm is applied to solve the problem

O = argmax L(0|Yr) (16)

where the vector 0 includes the MS-VECM-parameters to be estimated.

4.2 Results

The parameters of the Markov chain and some diagnostic tests are given in table (7).
The maximum of the likelihood function obtained from the MS-VECM is substantially
higher than that from the linear VECM. This max. In L can be interpreted as a measure
of the model’s goodness of fit since the maximum likelihood estimator represents the
value of the model’s parameters for which the sample is most likely to have been
observed. The Likelihood Ratio (LR) test under normal conditions does not apply here
due to the existence of unidentified nuisance parameters (the transition probabilities
are not identified under the linear model).'? To circumvent this problem, a cautious
approach is used. This implies that the LR test statistic is compared to a x?(d + n)
distribution where d denotes the number of degrees of freedom and n stands for the
number of nuisance parameters. Since the test statistic exceeds the critical value under
this conservative benchmark, the null-hypothesis can be rejected at high significance
levels. Although these test statistics must be interpreted somewhat cautiously, a non-
linear regime switching specification seems to be superior to conventional linear models.
We restrict the analysis to a two-state Markov chain. Experiments with a three-state
Markov chain in preliminary versions of this paper show that two of the resulting
states are virtually indistinguishable from the high variance regime in the current
paper. This choice is in line with the work of Ang and Bekaert (2002), Gutiérrez and
Vazquez (2003), and others. Furthermore, we concentrate on regime shifts in all model
parameters since regime-invariant autoregressive parameters, loadings, and covariances
are rejected by Hansen (2003) and others.

The model endogenously separates distinct regimes characterized by regime-specific
parameter sets. The estimated parameters of each regime are presented in table (8)
and the regime-dependent attractor sets are reported in table (9). Several results are
remarkable and provide a consistent picture:

First, regime 1 is characterized by a much higher variance of both the long and the short
rate than regime 2. Thus, shifts in the underlying regime foremost affect the volatility

12The use of the standard x? distribution would therefore cause a bias of the test against the null.
See Hansen (1992b), Andrews and Ploberger (1994), and Garcia (1998) for this problem.
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of interest rates.!3 Therefore, we subsequently characterize regimes primarily by as a
high-variance regime (regime 1) and a low-variance regime (regime 2). In regime 1 (2)
the variance of the short rate is higher (lower) than the variance of the long rate.
Second, the shifting vectors of adjustment coefficients « are in line with the interpre-
tation of regimes put forward below. In state 1 the adjustment (in absolute terms)
towards equilibrium is much stronger than in regime 2, which we will later interpret as
a regime of stable monetary policy. Thus, interest rates adjust much faster in periods
of unusual volatility which correspond to periods of rising inflation expectations and
aggressive disinflation. Moreover, some of the estimated adjustment coefficients, espe-
cially those of the short rate in regime 2, are positive. The aforementioned discussion of
the sign of the adjustment equally applies here. The negative sign of most coefficients
reflects the empirical failure of the expectations hypothesis. We can conclude that in
regime 1 the yield spread in period ¢ — 1 contains more information for the course of
long rates in period t than in regime 2. We also find, as a general pattern, that the
short rate contributes more to the error-correction mechanism in regime 2 while the
long rate contributes more in regime 1. In state 1 only some of the ajog coefficients
are significant (although with a negative sign) while in state 2 all agport coefficients
are significantly different from zero with a correct positive sign.

Third, as stressed by Hansen (2003), shifts in monetary policy have an important
impact on the stochastic properties of interest rates and lead to substantial variation
in risk premia. Disentangling the regime-dependent constant of the VECM into a
regime-dependent mean of the equilibrium relation and a vector of drifts results in a
regime-dependent risk premium given by p (s;). These equilibrium means p and drift
terms 6 are presented in table (9). Risk premia mostly grow with maturity in each
regime from p = 0.12 for regime 2 at the short end to p = 1.92 for the widest horizon.
Regime 1 exhibits an higher risk premium at the short end of the term structure and a
lower risk premium at the long end. The risk premium in state 1 peaks for a maturity
of 12 months. This is consistent with the results provided by Hansen (2003). He finds
(in what he calls model 2) that the regime prevailing between 1979 and 1982 leads to
a higher risk premium for maturities below 12 months and a lower risk premium for
longer maturities. These results are also consistent with the risk premia generated by
the linear VECM ranging between 0.15 and 1.96. Moreover, a quick consistency check
reveals that the regime-specific risk premia weighted by their unconditional regime
probabilities documented in table (7) equal these numbers and also equal the mean
spreads given in table (1).

Fourth, the high volatility regime exhibits high risk premia at the short end of the term

""Hansen (2003), among others, also finds evidence of structural breaks in the variance-covariance
matrix of the VECM.
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structure.'® This is consistent with the finding of a time-varying term premium on long
rates, see Engle Lilien, and Robins (1987), that has been proposed as an explanation
for the failure of the expectations hypothesis to forecast interest rates. Furthermore,
this lends support to the argument of Kozicki and Tinsley (2002) that more aggressive
policy accompanied by a more volatile policy-controlled rate induces an upward shift
in the term premium.

Fifth, regime 1 exhibits a mostly positive short-term drift while the drift in regime 2
is negative. Not surprisingly, the adjustment of interest rates is much stronger during
periods of high volatility.

Sixth, the most remarkable regime shift occurs between 1979 and 1982, when the Fed-
eral Reserve changed its operating procedures. In this sense the results mirror the find-
ings of other papers reviewed above. Figure (3) presents the conditional (smoothed)
probabilities of regime 1 for each interest rate pair. During the 1979-82 period regime
1 prevails featuring high volatility. Regime 1 also reflects other phases of rising infla-
tion expectations. Many of the dates of shifts to regime 1 correspond to the narrative
account of Goodfriend (1993, 1998). He identifies periods of "inflation scare" accom-
panied by sharply rising long rates and decreasing anti-inflation credibility. However,
the virtue of the regime-switching method is the ability to let the model detect regime
shifts endogenously. According to the Fisher equation, I(1) yields on long term bonds
reflect long-run inflation expectations given a stationary real interest rate. Thus, shifts
in risk premia correspond to shifts in inflation expectations. Between 1979 and 1982
risk premia at the short end rise while those at the long end fall. This indicates
that long run inflation expectations decrease due to aggressive counter-inflation policy
expressed in sharply rising short rates while inflation expectations rise over the short
horizon. Following periods of persistent inflation expectations during the early and the
late 1970s, the Fed under chairman Volcker engaged in aggressive disinflation policy.
However, according to Goodfriend (1998), inflation expectations rose again in 1984.
This re-emergence of inflation scare is reflected in the shift towards regime 1. The
regime shifts occurring in 1973/74 and 1984 are also found, among others, by Ang
and Bekaert (2002).'% In regime 2, the volatility of both interest rates is low. There-
fore, state 2 reflects monetary stability. Regime 2 coincides with the chairmanship of
Alan Greenspan since 1987, indicating persistent anti-inflation credibility and a stable
monetary environment.

Seventh, to facilitate the interpretation of the resulting regime-dependent adjustment
coefficients and drift terms, we look at the common trends-implication of the coin-

" Cogley (2003) also finds that the risk premium on long-term bonds is connected to the variance
of the short rate. He interprets this result as evidence of the connection between uncertainty about
the target of monetary policy and mean yield spreads.

" The shift to regime 1 in 1973 might also reflect tensions in U.S. bond markets during the final
breakup of the Bretton Woods system of fixed exchange rates.
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tegrating relationship. Note that this analysis is purely illustrative as the notion of
long-horizon forecasts is difficult to reconcile with stochastically switching parameters.
If the variables are cointegrated, they share a common stochastic trend z;, sometimes
referred to as the permanent component, which can be viewed as the long-horizon
forecast of the short-term interest rate

2 = lim By {Ry+5} (17)

Following King and Kurman (2002, p. 67), we interpret the stochastic trend as "de-
scribing permanent changes in the level of the short rate, which are reflected one-
for-one in the long rate". Hence, changes in the properties of permanent component
signal alternative stances of monetary policy or shifts in the perceived policy target
for inflation.'® Gonzalo and Granger (1995) propose the expression o/ x; as a simple
representation of the common trend.!'” Thus, allowing for shifts in « implies that the
stochastic trend in the interest rate system changes. It follows that expected changes
of the trend are given by

E [Aaﬁ_wt\st] = (st)E [Amels] = o' (81)6 (s¢) (18)

The expected changes of the stochastic trend in each regime are presented in table
(9). We find that the long-run interest rate level is expected to fall in regime 1 (except
for the 12 months horizon). This is consistent with gaining long-run anti-inflation
credibility in regime 1. Long-run interest rate forecasts in state 2, on the contrary,
exhibit a moderate tendency to rise.

To summarize, we find that the term structure is subject to structural shifts induced by
monetary policy. A shift to regime 1 increases volatility and strengthens the adjustment
of long rates towards the equilibrium yield spread. Furthermore, risk premia at the
short end of the yield curve are higher in regime 1 than in regime 2. Regime 1 prevails
during the 1979-1982 episode and other periods of rising inflation expectations. Regime
2 reflects the stability of monetary policy in the post-1987 period.

5 Conclusions

It is widely argued that the stochastic process of interest rates is subject to discrete
regime shifts. At the same time, the long-run implications of the term structure of
interest rates are studied using exclusively linear, that is, regime-invariant models. This

"5Kozicki and Tinsley (2001) provide a more detailed investigation of the implications of shifting
policy targets in the sense of changes in limiting conditional interest rate forecasts for the term struc-
ture.

17Gonzalo and Granger (1995) refer to a common-factor representation since the permanent part is
represented by a linear combination of observables.
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paper argues that we can gain additional insights about the behavior of interest rates
and the shifts in monetary policy by studying these two issues jointly. In particular,
the regime-switching dynamics of stationary term premia can only be studied in a
generalization of the cointegrated VAR model that allows for regime shifts.

We employed a Markov-switching VECM approach to analyze the behavior of the
U.S. term structure given that interest rates of different maturity share a common
stochastic trend. While the long-run equilibrium relation implied by the expectations
hypothesis is likely to be stable over time, the short-run adjustment of interest rates
towards the equilibrium as well as the term premium embedded in long rates shift
between unobservable regimes governed by a first order Markov chain.

In accordance to the literature, we found these regime shifts to closely mirror the
stance and the strategy of monetary policy. During the 1979-82 shift of the Federal
Reserve from interest rate targeting to money growth targeting and other phases of
inflation scare a regime prevails that exhibits a much higher variance and a much
faster equilibrium adjustment than in the alternative regime. The risk premium at
the short end increases while risk premia on long bonds decrease in this regime. This
means that monetary policy leads to rising short-run inflation expectations but falling
long-run inflation expectations. A regime with remarkable stability in terms of risk
premia and interest rate volatility prevails in the post-1987 period. Thus, this paper
contributed to closing the gap between two rather separate strands of the literature
and, at the same time, provided evidence on the information content of the term
structure over time.
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6 Appendix: Decomposing the VECM constant

Consider the following N-dimensional VAR(q) in error-correction form where we drop
the regime-dependence for convenience
q—1
Az =v+afzq + Z LiAzy_; + €4
i=1
where o and (3 are (N x r) matrices and r = rank(a3). The (N x 1) vector of
unconstrained constants v can always be decomposed into two new vectors p and ¢
such that one of them belongs to the cointegration space determined by a, p € sp(«),
and the other to Az, 6 € sp(B ).
Hansen and Johansen (1998, p. 31) show that the mean p of the stationary process
Bz is given by
E(fa) =p= (0/04)71 o (TC - I
whereI'=1-TI'1—...—Ty—1and C = 3 (o/J_I‘ﬁJ_)_l a1 . To derive this expression, we

follow their line of reasoning here: The Granger representation theorem (see Johansen
(1995), p. 49) implies that the /(1) series can be written as

t o]
Ty = CZ(&'—HJ) +ZC¢(€F¢+U) + A
i=1 i=0
where C; are the moving average coefficient matrices and A depends on initial values
such that 3’A = 0. This implies that F (Ax;) = Cv. Hence, taking expectations of
the VAR(q) process gives the vector of means of the stationary series Ax;

q—1
E(Axy) = Cv=aF (,B'wt) + ZD;CU + o
i=1
B (alrﬂﬁ_l Qv

= §

where F (ﬁ'xt) =F (ﬁ':rt,l) holds due to the stationarity of 3'z;. With ¢ = 1 this
simplifies to
-1
§=0, (a181) aiv

Multiplying E (Az;) by (¢/a) " o’ and rearranging gives

g—1
E(Bx) = (0/04)71 o (I — ZFZ> Cv — (0/04)71 a'v
i=1
= (o/a)_l o (TC - I
L
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If ¢ = 1, this reduces to

E(fz:) = (da - o (TC -1

)
= (o/a)_1 o [ﬂj_ (a’LFﬂL)_l a) — I} v
= (0/04)71 o {—oz (Fa) - ﬁ'] v

= —(Ba) A
Note that the vectors of equilibrium means and of drift terms are related by

v="_6—au

Let us now re-introduce regime-dependent coefficients « (s;),v (s¢), and I'; (s¢) as de-
scribed in the text. The MS-VECM enables us to decompose the regime-dependent
constant v (s;) into regime-specific attractor sets (u (s¢), 6 (s¢)) as explained in the text.
This means there are (N —r) linearly independent but state-dependent drifts collected
in ¢ and r linearly independent but state-dependent equilibrium means collected in g

FE (AJIt’St) = (S (St)
E (/3,301571\815) = p(st)

/ . . . . .
Hence, both Az; and B'x;—1 are expressed as deviations from their regime-specific
means.
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Table 1: Descriptive statistics of interest rate spreads

spread (in %) mean max. min. std.dev. skew  kurt # obs.
Ri(6) — Ry(3)  0.135 1.450 -1.010 0.222 -0.069 10.812 410
( ) 0.221 2.375 -1.991 0.455 -0.194 6.568 410
( ) 1.145 4.110 -2.010 0.868 -0.454 3.881 410
1(60) — Ry (3) 1.390 4.330 -2.250 1.072  -0.596 3.358 410
L(120) — Ry(3) 1.647 4.420 -2.650 1.308 -0.604 2995 410

Table 2: Unit-root tests
series  specification ADF PP KPSS ADF(4) PP(4) KPSS(4)

R(3) const. -1.17  -1.51 0.85*** -1.75 -1.87 2.58%**
no const. -1.03 -1.29 -1.16 -1.27

R.(6) const. -1.49 -1.71 0.91*** -1.58 -1.71 2.78***
no const. -1.02 -1.22 -1.12 -1.21

R:(12)  const. -1.07 -1.67 0.92*** -1.46 -1.64 2.84%**
no const. -0.98 -1.18 -1.11 -1.16

R.(36)  const. -1.26  -1.43 0.93*** -1.28 -1.41 2.91%**
no const. -0.91 -1.02 -0.99 -1.04

R(60)  const. -1.21  -1.39 0.93*** -1.25 -1.35 2.91%**
no const. -0.84 -0.96 -0.92 -0.96

R(120) const. -1.13  -1.26 0.89*** -1.20 -1.23 2.84***
no const. -0.73  -0.82 -0.83 -0.82

Notes: Unit-root tests with and without intercept term. ADF denotes the test statistic
from the augmented Dickey-Fuller test, PP denotes the test statistic from the Phillips-
Perron test, and KPSS is the Kwiatkowski-Phillips-Schmidt-Shin test statistic. While
ADF and PP test the hypothesis of a unit-root, KPSS tests the Null of stationarity
against the unit-root hypothesis. The lag order for the ADF test is chosen according
to the Schwartz criterion; the PP and the KPSS test are specified using the Bartlett
kernel with automatic Newey-West bandwidth selection. The last three columns report
test results with a lag length set to four. A significance level of 1%, 5%, and 10% is
indicated by ***, ** and *.
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Table 3: Choosing the lag order of the VAR system
7 AlC(g) SOlg) HQl) IM() _ LM()
[R:(6), R¢(3)] ¢g=1 0.196 0.256  0.220  73.38**  3.27
g=2 0.031 0.130 0.070  26.88***  3.36

g=3 -0.014 0.125 0.041 7.79* 5.22
g=4 -0.012 0.167 0.009 0.57 247
g=>5 0.004 0.222 0.090 1.97 12.01**

[Ri(12),Ry(3)] q¢=1 1408 1.468 1432 91.35** 3.79
g=2 1.200 1.299 1.239 38.40**  3.31
g=3 1124 1263 1179 12.04™  12.57*
g=4 1118 1297 1.189 4.09 7.96*
¢g=5 1119 1338 1206 7.46 23.16***

[Ri(36),R,(3)] ¢=1 1898 1.958 1922 101.85** 1.61
g=2 1664 1763 1.703 37.08**  0.57
g=3 1588 1727 1643 17.52** 533
g=4 1569 1748 1.640 5.48 6.22
g=5 1570 1789 1.657 7.38 18.09***

[Ri(60), R,(3)] ¢=1 1889  1.948 1912 98.66™*  1.45
g=2 1.661 1760 1.700 41.56**  0.38
¢g=3 1574 1713 1.629 20.65** 485
g=4 1549 1728 1.620 7.46 8.42*
g=5 1549 1764 1.632 6.74 19.65%**

[Ri(120), Ry(3)] ¢=1 1.768  1.827 1.791  99.41**  1.01
¢=2 1542 1641 1581 36.86** 0.21
g=3 1467 1.606 1522 13.58"* 2983
g=4 1452 1631 1523 5.40 5.27
g=5 1454 1673 1541 5.15 15.59%**

Notes: AIC(q), SC(q), and HQ(q) denote the Akaike information criterion, the Schwartz
criterion, and the Hannan-Quinn information criterion, respectively, for a VAR of or-
der g estimated in levels. These criteria compare the goodness of the fit of maximum
likelihood estimations and correct for the loss of degrees of freedom when additional
lags are added. LM(h) is a multivariate Lagrange-Multiplier test for residual correla-
tion up to order h. Under the null hypothesis of no serial correlation of order h, the
LM statistic is asymptotically x? distributed with 4 degrees of freedom. A significance
level of 1%, 5%, and 10% is indicated by ***, ** and *.
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Table 4: Results of cointegration tests
(a) Johansen test
x) Hy Amax trace test AT test
rank =r statistic 5% cv  statistic 5% cv
[R(6), R(3)] r=20 0.08 36.87 19.96 34.25 15.67
r<I1 0.01 2.62 9.24 2.62 9.24
[R:(12), R¢(3)] r=20 0.08 37.21 19.96 34.49 15.67
r<1 0.01 2.72 9.24 2.72 9.24
[R:(36), R¢(3)] r=20 0.07 30.44 19.96 27.77 15.67
r<1 0.01 2.67 9.24 2.67 9.24
[R:(60), R¢(3)] r=20 0.06 27.95 19.96 25.27 15.67
r<1 0.01 2.68 9.24 2.68 9.24
[R(120), R¢(3)] r=20 0.05 23.71 19.96 21.40 15.67
r<l1 0.01 2.32 9.24 2.32 9.24

(b) Horvath-Watson test

x test statistic 5% cv
[Re(6), Re(3)] 32.17 10.18
[Ry(12), Ry(3)] 32.44 10.18
[R:(36), R(3)] 25.64 10.18
[R:(60), Ry(3)] 23.09 10.18

[R.(120), Re(3)] 19.09 10.18

Notes: Johansen test for VECM with three lags (in differences) and a constant re-
stricted to the cointegrating space. A™®* denotes the maximum eigenvalue. The trace
test and the A™* test are explained in detail in Johansen (1991). The 5% critical
values are from Osterwald-Lenum (1992), table 1. The Horvath-Watson test of the
null hypothesis of no cointegration against the known alternative of rank r = 1 with
B = (1,—1) corresponds to a Wald test for the inclusion of error-correction terms, i.e.
the interest rate spread, in a VAR in first differences with an unrestricted constant.
Its test statistic is computed as 2(In Lygoar — In Ly ar), where L denotes the value
of the likelihood function under the respective model. The critical values are from
Horvath-Watson (1995), table 1. Critical values for the case of a restricted constant
are not yet available.
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Table 5: Identification of the cointegrating space

Ry(6) Ry(12) Ry(36) Ry(60) R;(120)
R(3) R(3) R(3) R(3) R(3)
const. 0.15 (0.07)  0.20 (0.17)  1.02 (0.38)  1.52 (0.47)  1.96 (0.06)
Bahort -0.99 (0.01) -1.07 (0.02) -1.01 (0.05) -0.97 (0.07) -0.94 (0.09)
Hy : lgshort =-1
LR (x?) 0.04 7.33 0.06 0.11 0.26
p 0.84 0.01 0.80 0.73 0.61
Qong 0.13 (0.12) -0.01 (0.06) -0.04 (0.02) -0.04 (0.02) -0.03 (0.01)
Qshort 0.32 (0.13)  0.14 (0.06)  0.05 (0.03)  0.04 (0.02) 0.04 (0.02)
Hy : Qlong = 0
LR (x?) 1.07 0.07 3.31 5.31 5.24
p 0.30 0.80 0.07 0.02 0.02
Ho : asport =0
LR (x?) 5.82 5.18 3.06 2.42 2.80
p 0.01 0.02 0.08 0.19 0.09

Notes: The constant is restricted to the cointegrating space. Standard errors in paren-
thesis. The cointegrating vector is normalized on the long rate, 8’ = [1, Bpore), the
vector of adjustment coefficient is @ = [ong, Qshort]. The Likelihood Ratio (LR) test
statistic of the hypothesis 8,,,,, = —1, i.e. the cointegrating vector (1,—1)’, and of
the hypothesis of weakly exogenous long or short rates, i.e. o; = 0, is asymptotically
x? distributed. The marginal significance level is given by p.
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Table 6: Linearity tests on VECM residuals

. . R(6) Ri(12) R(36) R(60) R4(120)

BDS specification
P R(3)  R(3) R R  R(3)
w =9 050 0.04*** 0.02%** 0.01*** 0.01*** 0.00***
N =5 0.04*** 0.04*** 0.03*** 0.03*** 0.03***
0.05*** 0.04*** 0.02*** 0.02*** 0.02***

n=1.50
0.06*** 0.05*** 0.05*** 0.05*** 0.10***
0.04*** 0.03*** 0.01*** 0.05*** 0.04***

w=3 n=0.50
0.04*** 0.05%** 0.04*** 0.04*** 0.04***
0.10*** 0.08*** 0.04*** 0.04*** 0.04***

n=1.50
0.171%*** 0.10*** 0.10*** 0.10*** 0.10***

Notes: BDS test for iid-linearity against an unspecified alternative applied to the

residuals from the linear VECM. The test statistic is asymptotically normal.

distance parameter is given by 7, which is set equal to 0.5 and 1.5 times the standard
deviation ¢ as recommended by Brock et al. (1996). The maximum dimension is given
by w. A significance level of 1% is indicated by ***. Bootstrapped p-values indicate

virtually identical levels of significance and are not reported here.
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Table 7: Results from MS-VECM estimations
R(6) R(12) R.(36) R.(60) R(120)
Ry(3) Ry(3) Ri(3) Ry(3) Ri(3)

model

linear VECM
max. In L 22.03 -211.31 -298.01 -293.82 -275.71

AIC 0.015  1.135 1.562 1.576 1.452
MSIAH-VECM
max. In L 31049 96.34  -37.68  -45.67  -39.49
LR 576.93 61531 520.65  496.20  472.43
p [x2(21)]  0.00 0.00 0.00 0.00 0.00
AIC 1332 -0278  0.383 0.458 0.392
P11 0.92 0.88 0.91 0.92 0.90
P22 0.98 0.96 0.98 0.98 0.98
dur(1) 1211 8.30 11.55 12.79 10.36
dur(2) 5144  23.15 53.42 62.11 43.01
prob(1) 0.19 0.26 0.18 0.17 0.19
prob(2) 0.81 0.74 0.82 0.83 0.81

Notes: The Likelihood Ratio (LR) test of the linear model against the Markov-
switching alternative is computed as LR = 2(In Ly;s—veEcm — In Lygoa) where L
denotes the value of the likelihood function under the respective model. The test sta-
tistic is x2 distributed with the degrees of freedom corrected for unidentified nuisance
as explained in the text. The marginal significance level is denoted by p. AIC is
the complexity-penalizing Akaike information criterion. The transition probabilities
obtained from the Markov-switching model are denoted by p;;, the expected duration
(in months) of each regime s; is denoted by dur (s;), and prob(s;) is the unconditional
probability of each regime s;.
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Table 8: Parameter estimates from the MSIAH-VECM

Ru(6) Ri(12) Ri(36) Ru(60) Ri(120)
Ry(3) Ry(3) Ry(3) Ry(3) Ry(3)
) 0027010 0.206(0.13)  0.101(0.09)  0.097(0.07) 0.089 (0.06)
~0.014(0.11) 0.001(0.14)  —0.020(0.13)  —0.028(0.13)  —0.034(0.12)
by T0023(002)  0030(003)  0.003(0.04)  0012(008)  0.004(0.03
~0.039(0.02)  —0.080(0.02)  —0.066(0.03)  —0.055(0.02)  —0.062(0.02)
o) 01200038 0236(0.14)  —0141(007)  —0134(0.05)  —0.103(0.04)
0.351(0.38)  —0.030(0.15)  0.036(0.10)  0.052(0.10)  0.065(0.08)
a)  0099(010)  0032(005)  —0010(0.03)  —0.014(0.02)  —0.007(0.01
0.239 (0.09) 0.135 (0.04) 0.049 (0.02) 0.033 (0.01) 0.030 (0.01)
> (1) 0.874 0.760 0.640 0.543 0.453
0.960 0.836 0.959 0.975 0.942
5 () 0.232 0.233 0.276 0.259 0.232
0.211 0.170 0.208 0.213 0.198

Notes: Parameter estimates of bivariate MS-VECM. The regime-dependent vector
v (s¢) contains the intercept terms, the regime-dependent error-correction coefficients
are given by « (s;), and the diagonal elements (the variances) of the regime-dependent
variance-covariance matrices are given by )y (s¢). Asymptotic standard errors in paren-
thesis.
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Table 9: Decomposition into regime-specific attractor sets
R(6) Ri(12) R(36) R(60) R (120)

R(3) R(3) R(3) R.(3) R(3)
regime-dependent risk premium

(1) 0.157 1.010 0.672 0.658 0.694

w(2) 0.121 0.486 1.213 1.485 1.924

regime-dependent drift

5(1) 0.045 -0.033 0.005 0.008 0.015
0.045 —0.033 0.005 0.008 0.015

§(2) —0.020 —0.031 —0.014 —0.013 —0.013
—0.020 —0.031 —0.014 —0.013 —0.013

regime-dependent change of common trend
o (1)6(1)  -0.011 0.007 -0.001 -0.001 -0.002

o/ (2)6(2)  0.003 0.003 0.001 0.001 0.000

Notes: The decomposition is derived in the appendix. The regime-dependent equilib-
rium mean is given by E (8'zst) = p(s) = [(o/a)fl o (T'C — Iv|st|, the regime-
dependent vector of drifts is given by E (Axy|sy) = 6 (s¢) = [[ﬂ_ (O/LI‘BJ_Y1 ozgu|st} :
The expected changes of the common stochastic trend are calculated using the common
factor representation of Gonzalo and Granger (1995).
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Figure 1: Interest rates (in % p.a.) on U.S. bonds of maturity n (in months), source:
Federal Reserve Bank of St. Louis
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Figure 2: Spread (in percentage points) between annual interest rate on bond of ma-
turity n (in months), R¢(n), and three-months bond, R;(3)
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Figure 3: Conditional (smoothed) probability of regime 1 (high variance) obtained
from bivariate MS-VECM for long rate of maturity n € {6, 12,36, 60,120} (from top

to bottom) and short rate (n = 3)
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