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Abstract

This paper investigates the validity of the Expectations Hypothesis of
the Term Structure (EHTS) employing standard forward-spot regressions
which accommodate for the presence of time-varying term premia. The
novelty of this paper is that the analysis is conducted by taking advan-
tage of the following two properties of the Kalman Filter: first, it makes
possible to model time-varying term premia as unobservables, and second
it delivers recursive estimations of forward-spot regressions as more data
become available. In fact, previous studies have modelled term premia
by means of macroeconomic variables. To the extent that term premia
are influenced by political and social climates which are difficult to ob-
serve, it might be preferable to model them as unobservables, rather than
by means of observed variables. Moreover, especially when tested over
long periods of data, the EHTS might hold for certain periods while it
might not for others. These periodic departures from and reversions to the
EHTS cannot be detected by constant parameters models, which there-
fore can provide only broad brush evidence. This paper shows that the
recursive nature of the Kalman filter can be employed to construct a test
for the EHTS which gives more refined evidence. The analysis is carried
out focusing on the short-end of the US term structure spectrum.
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1 Introduction

The basic idea underlying the Expectations Hypothesis of the Term Struc-

ture of interest rates (EHTS) is that, with the exception of a term premium,
there should be no expected difference in the returns from holding a long-term
bond or rolling over a sequence of short-term bonds. A second version of the
EHTS states that, with the exception of a term premium, forward rates are un-
biased predictors of future spot rates. If forward rates are unbiased predictors
of future spot rates, excess returns should not be predictable on the basis of
predetermined information. Thus, a straightforward way to test the EHTS is
to employ linear regression to determine whether excess returns are predictable.
Predictability of excess returns have been tested by including in linear regres-
sions explanatory variables like forward-spot rate differentials or term spreads.!
Throughout this paper analysis will be carried out that focuses on the second
version of the EHTS and makes use of forward-spot regressions. Tests based
on single regression models with fixed parameters consistently reject the null
that the EHTS holds, especially when applied to the US term structure. Such
rejections, in turn, can be motivated by either departures from rational expec-
tations or time-varying term premium, or both (see, for instance, Fama (1984)
and Fama and Bliss (1987)).
However, it is now well-established the importance of modelling term premia,
and of identifying their linkages with monetary regimes and, more generally,
with levels of riskiness of the economics environment. Dotsey and Otrok (1995),
for instance, explore the linkage between the Fed’s reaction function and time-
varying term premia. Lee (1995) proposes a model which captures uncertainty
on both the real and monetary sides of the economy, allowing term premia to de-
pend on the conditional variance-covariance matrix of output and money supply
(see also Engle et al. (1987) and Lauterbach (1989)). In turn, the acknowledg-
ment of the presence of time-varying term premia resulted into single regression
models to be supplemented in order to accommodate for their time variability.
In these studies time-varying term premia are modelled by means of observ-
ables such as macroeconomic variables or riskiness indicators like conditional
standard deviations, while the rational expectations hypothesis is tested by
checking the statistical significance of the parameters attached to forward-spot
differentials or term spreads (see, among others, Jones and Roley (1983), Si-
mon (1989), Tzavalis and Wickens (1997), Boero and Torricelli (2002), Bams
and Wolff (2003) and Harris (2004)). The EHTS is, in fact, a joint hypothesis
of rational expectations and constant term premium. Given that the EHTS is
soundly rejected when tested by making use of standard regression models with
fixed parameters, these studies assume that the EHTS is rejected because of
time-varying term premium and test for its second leg, i.e. for rational expec-
tations. In other words, they accommodate for time varying term premium in
the hope of obtaining evidence more in favor of rational expectations.

IThe term ”term spreads” is used in the literature to define the difference between a long-
term and a short-term interest rate while the term forward-spot differentials indicates the
difference between forward and actual spot interest rates of identical maturity.



One shortcoming of this strand of literature is that tests of the EHTS were car-
ried out by making use of regressions with fixed parameters. Because of that,
they can only provide broad brush conclusions on whether the expectations hy-
pothesis holds. When, in fact, the expectation hypothesis is investigated over
a given lapse of time, it might hold for some specific subperiods while it might
be rejected for some others. This is especially true when long periods of data
are considered, where changes in the economic and political environment might
induce temporary departures from rational expectations. This, of course, can-
not be captured by a constant parameters regression which, by definition, tend
to average out periods of departure and periods of reversion to rational expec-
tations. It is in this sense that tests for the expectations hypothesis based on
constant parameters models can only provide broad brush conclusions. They
cannot disentangle periods of departures from rational expectations from those
where rational expectations hold. Equally important, they cannot measure how
persistent are departures from rational expectations. A more refined method to
test for rational expectations would be to recursively estimate the parameters
of the single regression models. Recursive estimation, in fact, delivers at each
stage of the recursion estimates of the various coefficients of the model as well
as their standard errors. Thus, as more data is added to the estimating regres-
sion, the parameter attached to the forward-spot differentials (or term spreads)
might assume values statistically significant for some specific time ¢ and values
not significant for some other time ¢ in the sample period (therefore indicating
temporary departures from and reversions to rational expectations).

The second shortcoming of the literature is related to the fact that the time-
varying term premium must be treated like an unobservable (or latent) vari-
able. For instance, the factors which affect the term premium are likely to be
those influencing both the political and social climates (see Gravelle and Mor-
ley (2005)). Such factors, in turn, are difficult to observe. In order to model
the time-varying term premium, a largely employed approach was to proxy for
the term premium by means of observables. For instance, Boero and Torricelli
(2002) model the term premium by making use of linear combinations of both
yields and macroeconomic data.? Similarly, Dotsey and Otrok (1995) model
the term premia by means of the Fed’s reaction function while Tzavalis and
Wickens (1997) use one version of the EHTS to work out the time-varying term
premium as the difference between the expected holding return of holding an
n-period bond for one period and the short rate. Yoo (2003), extending the
econometric framework elaborated by Engle et al. (1987) in a Bayesian fash-
ion, estimates the time-varying term premium by means of a GARCH-M model
where the level of the term premium is a linear function of the regression’s
conditional variance. The common feature of all the previously mentioned stud-
ies is that, in order to recover the term premia, they adopt inherently ad hoc
approaches.? In this regard, the least restricted methodology proposed by the

20ther studies which model time-varying term premia along these lines are, for in-
stance, Jones and Roley (1983) and Simon (1989).

3For instance, in Yoo (2003) the time-varying term premium must necessarily depend on
both past squared innovations and past conditional volatility.



literature is the imposition of a certain stochastic process, say an AR(1), on
the unobservable time-varying term premium and detection of it by means of
Kalman filtering techniques. This is actually the methodology followed by Wolff
(1987), Iyer (1997) and Gravelle and Morley (2005).% All these authors pursue
an alternative to the single regression approach to investigate the relevance of
the EHTS. In fact, they construct the excess forward returns (i.e. forward rates
minus future realized spot rates) as the sum of a (unobservable) time-varying
term premium plus forecast errors. Then, assuming rational expectations, they
employ the Kalman filter to extract the term premium from excess forward re-
turns. Thus, without testing for the unbiasedness of forward rates, they can
reject the EHTS if the term premium is found to be time-varying.

The novelty of this work is that the EHTS is investigated by means of single re-
gression models with time-varying parameters, that are implemented by means
of Kalman filter and maximum likelihood. It can be shown that this economet-
ric framework is preferable to standard constant parameters models under many
different respects. The first advantage is that, similarly to Wolff (1987), Iyer
(1997) and Gravelle and Morley (2005), the time-varying term premium can be
modelled as an unobservable variable. However, unlike these previous studies,
this work incorporates the advantages of modelling the term premium by fol-
lowing the single regression approach. This, in turn, is equivalent to testing
the EHTS without taking any a prior:i stance about the validity of the rational
expectations hypothesis. Second, a desirable property of the Kalman filter is
that it produces recursive estimations of the time-varying parameters together
with their standard deviations at each time ¢ included in the sample period. Ex-
ploiting this feature it becomes possible to disentangle the subperiods in which
departures from the EHTS occur from those where the hypothesis holds, as well
as to measure the persistency of these departures. This analysis is carried out
by testing for the statistical significance of the parameter attached to forward-
spot differentials. Third, as shown by Kim and Nelson (1999), the Kalman
filter estimates of time-varying parameters models are preferable to standard
recursive Least Squares estimates. More specifically, regardless of the hypothe-
sis of Gaussian state space, the Kalman filter delivers recursive estimates of the
parameters which are unbiased estimators of the true parameters of the regres-
sion, with minimum Mean Squared Error (MSE).? Fourth, as pointed out by
the same authors, the Kalman filter gives insight into how a rational economic
agent would revise his estimates of the coeflicients in a Bayesian fashion when
new information becomes available in a world of uncertainty, especially under
changing policy regimes. In other words, it updates parameter estimates mim-
icking the behavior of a rational agent, as more data becomes available. Fifth,
to the best of my knowledge, a test for the EHTS through a single regression
model with time-varying parameters, that is implemented by means of Kalman

4WDoIff (1987) applies the Kalman filtering technique to detect the time-varying term pre-
mium in the forward exchange rates market. His technique, however, can be straightforwardly
applied to the term structure’s context.

5In a Gaussian state space the disturbance terms of the measurement and transition equa-
tions as well as the initial state vector are normally distributed.



filter techniques, is new in the literature. More specifically, in Section 6 empir-
ical estimations are carried out by employing a model which accounts for both
time-varying parameters and moving average processes in the disturbance term
which arises when data frequency is higher than the term of the investment.
This last extension allows the testing of the EHTS on actual observed forward
contracts with settlement dates of more than one period in the future, rather
than just on the one-period-ahead case.

Since a large part of the literature supports the idea that term premia are
time-varying because they are related to the monetary policy stances of cen-
tral bankers, the EHTS is investigated across different monetary regimes. This
is another original aspect of the analysis carried out in this study. Following
Goodfriend (1998) and Bordo and Haubrich (2004), the period under analysis is
divided into three sub-periods which correspond to different monetary regimes,
and the EHTS is tested against each separate regime. The analysis is carried
out employing three, six and twelve month spot interest rates for the United
States. The period analyzed spans from January 1960 to May 2000.

The paper is organized as follows: Section 2 introduces the EHTS and the single
regression model used in this study. Section 3 describes the data while Section 4
sets out the empirical estimates when term premia are assumed constant. Sec-
tion 5 reports some tests for the stability of the parameters of single regression
models employed while Section 6 sets out the models which accommodates for
time-varying term premium, together with their empirical estimates. Section 7
presents an alternative approach to test the EHTS, based on the aforementioned
property of the Kalman filtering technique which consists of delivering estimates
of the state variables (the time-varying parameters) together with their stan-
dard deviations at each time ¢ included in the sample period. Section 8 presents
the conclusions.

2 The Expectations Hypothesis of Term Struc-
ture

The EHTS consists of the idea that, with the exception of a term premium,
forward rates are unbiased predictors of future spot rates. Based on the no-
arbitrage relation between forward and spot rates, the EHTS can be expressed
as follows:

() = B[Rt +n—m)] + TP}, (t) (1)

n—m

where R,,(t) is the m-period short rate and F'_, (t) the m-period forward rate,
i.e. the rate at trade date ¢ for a loan between periods (t +n —m) and (¢ + n),
FE; is the Expectations Operator conditional on information available at time ¢
and TP?_, (t) is the associated constant term premium. If we allow the term
premium to be time-varying, then eq.(1) turns into an arbitrage relationship in
which the only restriction imposed is that the term premium must be station-



ary.% This relationship, therefore, turns out to be more general than the EHTS
which, in its pure form, requires a term premium equal to 0 and, in its weaker
form (the Liquidity Preference Theory), requires a positive and constant term
premium.

By isolating all the terms of eq.(1) on its right-hand side, by multiplying by —1
and then by adding [Ry,(t +n — m) — R,,(t)] to both sides, one can obtain:

[Bin(t +n —m) = R ()] = [F_pp,(8) = B ()] = TP, () + pren—m(t) (2)

where pipn—m(t) = [Rm(t +n —m) — E (R (t +n —m))] is a random forecast
error with a conditional mean of zero.” According to eq.(2), the change in the
short term interest rates between time ¢ and t+n-m must be equal to the term
spread adjusted for a term premium plus a random forecast error fistn—m(t).
From this relationship one can construct the first version of the test for the
validity of the EHTS:

[Ry(t +n—m) = Ry ()] = o + 01 [F_,,, (1) = Rin ()] + frtgn—m (1) (3)

If the EHTS holds, then §; = 1 and the term premium, here assumed to be
constant, is equal to —dg.

The second version of the test for the validity of the EHTS can be obtained
from eq.(3) by subtracting [F"_,,(t) — Ry (¢)] and then multiplying by —1 each
side with the following result:

[Fmn(t) = B (t +n —m)] = Bo + B1[F_ () = Bin(D)] + €r4n-m(t)  (4)

where €14n—m(t) = —pit4n—m(t). If the EHTS holds, then 5, = 0 and the term
premium, assumed to be constant, is equal to (.8

Eq.(4) is the baseline relationship which is considered in order to inspect the
validity of the EHTS and it is known in the literature as forward-spot regression.
For instance, focusing on three-month interest rates and a forecast horizon of
three months, it is possible to simplify the notation setting n = 6 and m = 3 to
obtain:

[F5(t) = Ra(t +3)] = Bo + B1[F3(t) — Ra(t)] + er43(1). (5)
Throughout the paper estimations of different versions of eq.(4) are carried out.
While in Section 4 the term premium is assumed to be constant, in Section 6
the above equation accommodates for time-varying term premia. However, be-
fore discussing the merits of estimations, it seems appropriate to provide some
theoretical justifications for the employment of eq.(1).

SLet us suppose, for example, that the time-varying term premium from positive turns out
to be negative. What happens is that the forward rate, which at the beginning was higher than
the expected future spot rate, becomes lower. As a result traders, who at the beginning are
locked in a lending position with a forward contract and have borrowed at the lower expected
spot rate, reverse their positions.

"It is important to recall that the EHTS can be viewed as a joint hypothesis where the first
component is given by eq.(1) while the second component, the so called ”rational expectations
leg of the joint hypothesis”, requires p¢4n—m(t) to be orthogonal, or uncorrelated, to the
information set available at time t.

8Notice that, since the regressor in egs.(3) and (4) is the same, and the sum of the re-
gressands equals the regressor, the two equations are entirely complementary. This, in turn,
implies that o = —dp and 51 =1 — d7.



2.1 A Simple Model for the Forward-Spot Regressions

In this paragraph an asset pricing model with time-varying term premium
is employed to provide theoretical justification for the use of forward-spot re-
gressions based on condition (1). To do so I make use of a model that relies on
discrete-time, inter-temporal asset pricing models such as those of Lucas (1978,
1982) and assumes that investors maximize expected discounted utility func-
tion defined on the future stream of consumption, subject to sequential budget
constraints. In particular, setting the investment horizon to n, the optimal
consumption path in equilibrium is given by the following Euler condition:

U'(Ct) = B"Ee[U (Crin) Ru(1)] (6)

where U,(C’t) is the marginal utility to consumption, 3 is the rate of patience
and R, (t) is the rate of return from a n-period investment. Being the marginal
utility to consumption at time ¢ known, the Euler condition can be rewritten
as follows: ,( )
U Ot+n

el R 7)
Empirically, this class of models has been vastly employed to inspect the pricing
of both common stocks and Treasury Bills as well as the term premium’s deter-
minants in foreign exchange markets (see, for instance, Grossman and Shiller
(1981) and Mark (1985)). Defining R, (t) and R,,(t) respectively the long and
short interest rate, investors can choose to invest either into a n-period bond
or roll-over m-period bonds. Setting n=6 and m=3 to simplify the notation, in
the first case the condition (7) becomes:

el Rt )

When, on the other hand, investors roll-over three period bonds the above
condition becomes:

1=0"E]

1=BFE/{

U'(Cro)
U'(C)
Taking the difference between conditions (8) and (9) and dividing by the rate

of patience 3% one obtains the following condition:

U (Ciy)
U'(Cy)
which states that the conditional first cross-moment between the inter-temporal
marginal rate of substitution to consumption and speculative excess return in

bond markets, must be zero. Exploiting the conditional variance decomposition,
it is then possible to write:

E{Re(t) — R3(t) — Ry(t + 3)]} =
Cov{ UXCe0) (R (1) — Ry(t) — R(t +3)]}

U’ (Cy)
U’ (C,
Ed U(’(CJZ)G)}

1= (B [R3(t) + Rs(t +3)]}- (9)

Ed [Re(t) — Ra(t) — Rs(t +3)]} = 0 (10)

(11)




Assuming absence of arbitrage between securities in the spot and forward mar-
kets, the following condition must hold:

Rg(t) = R3(t) + FS(t) = 0. (12)

Substituting eq.(12) into eq.(11) one obtains:
’ Ct
Cov{ G F(t) - Ra(t +3)]}

U’ (Cy
Ed U(’<ct>6)}

E{F3(t) — Rs(t +3)} = —

(13)

The above condition shows that the term premium, defined as the difference
between forward and future spot interest rates, must be proportional to the
conditional covariance between the inter-temporal marginal rate of substitution
to consumption and returns from interest rates speculation. Since the marginal
rate of substitution is always positive, the sign of the term premium is deter-
mined by the above covariance which can depend on sample information and be
time-varying. As such, also the term premium can fluctuate over time assum-
ing both positive and negative values (see, for instance, Modigliani and Sutch
(1966)).

Eq.(13) is the baseline model which has been used in the literature to identify
the determinants of the time-varying term premium under rational expectations,
and it provides a theoretical justification for the employment of eq.(1) in the
analysis undertaken in this paper. Although the determinants of the term pre-
mium in eq.(13) are left in implicit form, it is possible to sophisticate the above
framework in order to make them explicit. For instance, Lee (1995) employing a
similar model shows the conditional (time-varying) variance-covariances of out-
put and money supply to be among the determinants of the term premium (see
also Engle et al. (1987), Lauterbach (1989) and Castillo and Fillion (2002)).

3 Data

The dataset employed consists of three, six and twelve months US Treasury
Bill rates (average auctions). These data are taken from the FRED database
at the Federal Reserve Bank of St. Louis. The forward interest rates F9(t)
and F¢2(t) are the rates implicit in the yield curve extracted using the three,
six and twelve month rates. The implicit forward interest rates are worked out
assuming efficient financial markets. Under this assumption, there should be
no arbitrage opportunities at the equilibrium between the rate of return of a
long-term (twelve and six-month) security on the spot market, and the rate of
return obtained by investing on short-term (six and three-month) securities on
the spot and the forward markets over the same period.

The observed yield on each bill has been derived from the price of that bill
on a given day (last trading day of the month) so that the data relate to bills
which are identical in all respects other than term. While data for the three and
six-month Treasury Bills are available for the period from January 1960 to May



2000, twelve-month Treasury Bill data begin only in January 1964 and extends
in May 2000.

Following Goodfriend (1998) and Bordo and Haubrich (2004) the dataset is di-
vided into three sub-periods according to the characteristics of the monetary
regimes that were at work at that time. More specifically, the dataset can be
split into the following sub-samples: Period I from 1960:01 to 1965:12, period 11
from 1966:01 to 1985:12 and period III from 1986:01 to 2000:05. According to
the above authors, the expected inflation rate was high and volatile in subperiod
II while it was low and stable in subperiods I and III. Once one believes the level
and volatility of inflation to be a key factor for the credibility of a monetary
regime and the term premium to depend on both a liquidity and a risk premium,
then the term premium should mirror the particular level of riskiness, or cred-
ibility, which characterizes the monetary regime at any time ¢. Moreover, the
subperiod II encompasses three different monetary institutional arrangements
which are distinguished by the degree of interest rate targeting undertaken by
the Federal Reserve. The first, covering the period up to September 1979, cor-
responds to a period during which the Federal Reserve targeted interest rates.
The period from October 1979 to September 1982 covers the Federal Reserve’s
"new operating procedures”, when it ceased targeting interest rates in favor of
monetary aggregates. The third, from October 1982 onward, corresponds to the
abandonment of the "new operating procedures” and the resumption of partial
interest rates targeting.

4 The Constant Term Premium Model

In this Section estimations of eq.(4) are carried out employing a number of
different methodologies. Two different sets of estimations are carried out. The
first set, which considers three month spot and forward interest rates (i.e. R3(t)
and F$(t)), is reported in Tables 1 to 3, while the second set, which employs six
month spot and forward rates (i.e. Rg(t) and Fj2(t)), is set out in Tables 4 to 6.
First of all, because monthly data are employed and the investment horizons
are respectively three and six months, the data frequency is higher than the
terms of the investments. This implies that the estimation errors follow respec-
tively MA(2) and MA(5) stochastic processes.? As a result, Least Squares (LS)
estimations of eq.(4) produce unbiased but inefficient estimates and therefore
inference is invalid. Secondly, as it will be shown later, the disturbance term
tttn—m(t) follow a GARCH stochastic process.'® This is something that must
be taken into account if one wants to improve the efficiency of the estimation.

9For instance, considering eq.(4) it can be shown that Cov(et+3(t),et+3(t — 1)) = 202,
Cov(et4+3(t), et+3(t — 2)) = 02 and Cov(et43(t), et+3(t — 7)) = 0 for j > 3. This shows that
the disturbance term evolves according to a MA(2) stochastic process. More generally, if the
investment term is £ months, then the overlapping nature of the monthly observations implies
that a MA(k-1) process is induced into the disturbance term.

101n fact, the Lagrange Multiplier ARCH tests reject the null hypothesis of homoscedasticity
for most of the sub-samples under analysis.



In order to obtain reliable estimates of eq.(4) the first problem can be solved
in two different ways. In Tables 1 and 4 eq.(4) is estimated by making use of
the Heteroscedasticity and Autocorrelation Consistent (HAC) covariance ma-
trix proposed by Newey and West (1987), while in Table 2 and 5 the same
equation is estimated by means of maximum likelihood which accounts for the
MA processes followed by the disturbance terms.'! In Tables 3 and 6 estimates
of eq.(4) are worked out taking into account both the moving average processes
followed by the disturbance terms and the GARCH processes followed by their
second moments.

While the estimation of the HAC covariance matrix is common in the litera-
ture, it seems opportune to specify in detail the econometric models employed
to accommodate for the moving average and GARCH processes in the distur-
bance terms. When the model accommodates for moving average processes,
then eq.(4) is jointly estimated with the following stochastic process for the
disturbance term:

Etin-m(t) =e(t) + et —1)+ ..+ Fp_m_re(t —n+m+1). (14)

When the conditional heteroscedasticity in the disturbance terms together with

the moving average process are accounted for, eq.(4) is jointly estimated with

eq.(14) and the GARCH process followed by the conditional variance of 4y, (£):
o? (t) = a0+ arep,_pm(t—1)+ a20§t+wn (t—1). (15)

Et4+n—m

4.1 Estimates for the Three-Month Term Spread Regres-
sion

The estimates reported in Table 1 show that the three month term spread
significantly helps predict the excess returns indicating, therefore, strong depar-
tures from the EHTS throughout the entire sample and the different subperiods.
The only subperiod in which the estimate of 37 is in favor of the EHTS is 1986-
2000. This period turns out to be quite insightful for the interpretation of the
results. In fact, one might notice that when the estimate of §; are more fa-
vorable to the EHTS, like in the subperiod 1986-2000, the estimate of 3y, the
constant term premium, is statistically different from 0. In turn, this could also
imply that whenever the estimates of 31 are significantly different from 0, the
term premium varies over time so that the estimates of Gy in the constant term
premium model are not statistically significant.'?> This interpretation is also
fostered by the fact that By assumes values statistically different from 0 only in
the subperiods 1960-1965 and 1986-2000 (which, according to Goodfriend (1998)
and Bordo and Haubrich (2004), are characterized by low and stable inflation)

11 The HAC covariance matrix is a procedure which computes consistent estimates of the pa-
rameters with robust standard errors in the presence of serial correlation and heteroscedastic-
ity. Since it is only asymptotically justified, the reported t-ratios are not exactly t distributed
in a finite sample, but only asymptotically normal.

12This is actually what happens for the entire period 1960-2000 and for the sub-period
1966-1985.

10



while in the subperiod 1966-1985 (characterized by high and volatile inflation)
it takes not significant values. Once one expects the term premium to be related
to the degree of uncertainty present in the different subperiods, one should also
expect the term premium to be highly volatile during the period 1966-1985.
Such volatility is then captured, in the constant term premium model, by an
estimate of By which is not statistically significant. Although estimates of 3y not
statistically significant do not necessarily imply time-varying term premium, it
will be shown later that a model which accommodates for time-varying term
premium delivers results more in favor of the EHTS.

In Table 2 the estimates are refined taking into account that, with overlapping
contracts, it is expected a priori that the disturbance term will follow a MA(2)
stochastic process. The results turn out to be consistent with the estimates
reported in Table 1. There is overwhelming empirical evidence which indicates
strong departures from the EHTS. With regard to the parameters Gy and (1, the
only difference with respect to the previous estimates is in the subperiod 1986-
2000 where the evidence, perhaps very weak, in favor of the EHTS disappears.
The combination of statistically significant 81 and not statistically significant
Bo is in line with the conjecture according to which whenever the estimates of
(1 is statistically significant, the term premium should vary over time so that
the estimate of 3y, in the constant term premium model, turns out to be not
significantly different from zero. The moving average parameters 1; and v are
both highly significant while the goodness of fit has remarkably improved.
Both Tables 1 and 2 report the Box-Ljung Q-statistic and the Breusch-Godfrey
(B-G) test for serial correlation, the Breusch-Pagan (B-P) and the Lagrange
Multiplier (LM) ARCH test for heteroscedasticity as well as the Jarque-Bera
(J-B) test for normality in the residuals.!® More specifically, testing for autore-
gressive conditional heteroscedasticity (ARCH) in the residuals is motivated by
the observation that in many financial time series, the magnitude of the condi-
tional variance appears to be related to the magnitude of past residuals. While
ARCH in itself does not invalidate standard maximum likelihood inference, ig-
noring its presence may result in loss of efficiency. According to the Box-Ljung
Q-statistics and the B-G tests, both the specifications with and without the
inclusion of the MA(2) process for the disturbance term show the residuals to
be strongly serially correlated. The presence of heteroscedasticity in the forms
detected by both the B-P and the LM tests, however, turns out to be signifi-
cantly reduced in the specification which accounts for the MA(2) process in the
disturbance term for the subperiods 1960-1965 and 1986-2000.'* Finally, the
residuals of both the specifications are far from being normally distributed, as
highlighted by the J-B tests.

13The Q-statistics reported are the values computed at lag 4 and 8, the B-G test is con-
structed under the null hypothesis that there is no serial correlation in the residuals up to lag
4. The B-P test is computed using both the term spread and its squared values while the LM
ARCH test is constructed under the null that there is no ARCH effect up to order 1, 2, 4 and
8 in the residuals.

14With regard to the sub-periods 1960-1965 and 1986-2000, such evidence is also fostered by
the non statistically significance of the Q-stats obtained from the correlograms of the squared
residuals. For better readability, these results are not presented in detail.
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Table 3 presents, for the subperiods 1966-1985 and 1960-2000, estimates of the
constant term premium model in which the first and second moment of the
disturbance term follow, respectively, a MA(2) and a GARCH(1,1) stochastic
process.'® In line with the previous estimations, also in this case the results
indicate that the term spread significantly helps predict excess returns. As with
Table 2, the moving average coefficients are highly significant while the sum of
the ARCH and GARCH coefficients (g + ) is very close to one indicating that
the volatility shocks have very high persistence.'® Overall, when the analysis is
conducted for three and six month spot interest rates, the constant term pre-
mium model provides overwhelming empirical evidence against the validity of
the EHTS. Even when the estimations are refined by including the MA(2) pro-
cess for the disturbance term and the GARCH(1,1) process for its conditional
variance, the empirical evidence delivers the same conclusions.

4.2 Estimates for the Six-Month Term Spread Regression

While the previous paragraph has investigated the validity of the EHTS for
three and six month spot interest rates, this paragraph replicates the same anal-
ysis considering six and twelve month rates.

The estimates reported in Table 4 show that the six month term spread helps
predict excess returns suggesting, therefore, departures from the EHTS for the
entire sample and across the different subperiods. Unlike previous estimations,
the parameter 3y is never statistically significant while (3, is always significant.
This, in turn, would suggest that whenever the estimates of 3; are statistically
different from zero, the term premium varies over time so that the estimate
of [y, in the constant term premium model, turns out to be not significantly
different from zero. As previously explained, although estimates of 3y not sta-
tistically significant do not necessarily imply time-varying term premium, it will
be shown later that a model which accommodates for time-varying term pre-
mium delivers results more in favor of the EHTS.

In Table 5 the estimates are refined by accounting for the fact that the distur-
bance term follows now a MA(5) stochastic process. The results turn out to be
consistent with the estimates reported in Table 4, showing strong departures
from the EHTS. The moving average parameters turn out to be highly statisti-
cally significant, and the goodness of fit remarkably improved. Tests for serial
correlation and heteroscedasticity are reported in the bottom part of both the
tables. Similarly to the evidence obtained for the three month term spread,
both the Box-Ljung Q-statistics and the B-G test show the disturbance terms
to be strongly serially correlated. The presence of heteroscedasticity turns out
to be significantly reduced in the specification which accounts for the presence

15The inclusion of the GARCH(1,1) process is motivated by the fact that the LM ARCH
tests reject the null hypothesis of no ARCH effect up to order 1, 2, 4 and 8 in the residuals.
Although the LM tests would suggest an ARCH(8) process, in order to reduce the number of
parameters estimated, I choose to implement a GARCH(1,1).

16Tn other words, there is evidence that the conditional variances follow an Integrated
GARCH processes.
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of moving average process in the disturbance term for the subperiod 1986-2000.
Moreover, unlike previous estimations, the null of residuals normally distributed
cannot be rejected for the same subperiod.

Table 6 reports estimates of the constant term premium model which accounts
for the presence of moving average and GARCH processes in the disturbance
term.'” In line with the evidence previously obtained, the estimates indicate
that the term spread significantly helps predict excess returns. The moving
average coefficients turn out to be highly significant as well as the coefficients
related to the GARCH process.

Summing up, when tests for the EHTS are conducted for the short end of the
term structure (i.e. for three, six and twelve month spot interest rates) by means
of the constant term premium model, empirical results show that such hypoth-
esis is soundly rejected. When the empirical estimates are refined by modeling
the disturbance terms as moving average and GARCH processes, the empirical
evidence delivers the same results. This conclusion, in turn, is consistent with
findings of previous studies (see, for instance, Fama (1984), Fama and Bliss
(1987) and Boero and Torricelli (2002)). However, in the next Sections it will
be shown that such conclusion can be partially reversed once single regression
models which accommodate for time-varying term premia are employed in the
analysis. In fact, the diagnostic tests suggest that there might be an omitted
variable problem since the residuals display serial correlation and conditional
heteroscedasticity even after the presence of moving average processes in the
disturbance terms is accounted for. In order to inspect the possibility that the
omitted variable problem is due to a time-varying term premium, and to have
some indications about the importance of its variations, in Section 5 the lower
bound for the standard deviations of the term premia are carried out when the
correlation between term premium and term spread attains its maximum value
of unity.

5 Testing the Stability of the Constant Term
Premium Model

This Section provides both empirical and theoretical evidence for the param-
eters of the constant term premium model to be time-varying. Paragraph 5.1
sets out the Mankiw and Miron’s (1986) argument that whenever the estima-
tion of By in eq.(4) departs from zero, the term premium must be time-varying.
Paragraph 5.2 carries out some stability tests which provides extensive empir-
ical evidence that the parameters are not constant over time. Although from
different perspectives, this Section provides convincing empirical and theoretical
evidence for the case of a time-varying parameters model which accommodates

17Estimations which accommodate for moving average and GARCH processes in the dis-
turbance term are worked out also for the subperiod 1986-2000 even though in Table 5 it is
shown that the presence of GARCH process for this subperiod is weak.
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for a time-varying term premium. Such evidence holds for both three and six
month, and for six and twelve month spot interest rates.

5.1 The Mankiw and Miron argument

A strong argument which supports the case for a time-varying term premium
comes from Mankiw and Miron (1986). They have been among the first to
highlight the fact that the term premium must be time-varying for plimﬁl #0
(i.e. the predicted value of 3; to be something other than zero).'® To show this,
I report the probability limit of 3; in eq.(4) for the three-month spread (note
that the same intuition carries over to m=6 and n=12 as well):

o?[TPS(t)] + po[RS(t + 3) — Rs(t)]o[T P (t)]

o?[R5(t +3) — Rs(t)] + o> [TPY(t)] + po[R5(t + 3) — R3(t)]U[TP§((t)%
16

where o2[R§(t + 3) — R3(t)] is the variance of the expected change in the

three months (short term) interest rate, p is the correlation index between ex-

pected changes in the three months interest rate and the term premium, while

o?[TP$(t)] is the variance of the time-varying term premium.!?

Notice that for a non stochastic term premium, the term o?[T'P$(t)] collapses

plimf, =

to zero as does plimﬁl. Hence a stochastic term premium is required for the
probability limit to be significantly different from zero. Also observe that the
greater the volatility of the term premium, the more plimf3; will depart from
zero, while the higher the variance of the expected changes in the three months
interest rate, the more plimﬁl approaches zero. More generally, the departure
of A1 from zero will depend on the relative importance of the variance of the
term premium with respect to the variance of the expected changes in the short
term interest rate.?"

5.1.1 A lower bound for the volatility of the term premium

Some idea of the importance of variations in the term premium can be ob-
tained by constructing a lower bound for its standard deviation when the correla-
tion index between the term premium and the term spread attains its maximum
value of unity. Following Fama (1984) and Wickens and Thomas (1991), the

probability limit of §; defined in eq.(16) can be rewritten as follows (note that

183ee also Fama (1984).

9Notice that Mankiw and Miron (1986) derive the probability limit plim(fl # 0 referring to
eq.(3). However, eq.(16) can be worked out recalling that, because egs.(3) and (4) are entirely
complementary, 81 = 1 — d;.

20Notice that the presence of the variance of the expected change in the short term interest
rate in eq.(16) highlights the existing linkage between monetary policy and EHTS. Mankiw and
Miron (1986) show that such variance became much smaller after the creation of the Federal
Reserve System and attribute this finding to the Fed’s concern for interest rate smoothing.
That is why the same authors found, prior to the creation of the Fed, evidence in favor of the
EHTS.
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the same intuition carries over to m=6 and n=12 as well):
.4 o[TP(1)]
plimB = p——g 5" (17)
o[F(t) — Rs(t)]

where o[F9(t) — R3(t)] is the standard deviation of the term spread.?! The lower
bound standard deviation for the term premium, o, [T PS(t)], can be easily de-
rived from eq.(17) by taking the asymptotic limit of the OLS estimator of g,
ﬂ], and assuming the correlation index p equal to 1.

The value of the lower bound of the standard deviation of the term premium
for the three-month spread (i.e. when n=6 and m=3), o1 [T P$(t)], computed
considering the estimate of 81 reported in Table 1, turns out to be 0.068. Ac-
cording to this calculations, the estimate of o7 [T P$(t)] indicates that the term
premium variability must account for at least 70.3% of the standard deviation
of the term spread.?? Similarly, the lower bound of the standard deviation of
the term premium for the six-month spread (i.e. when n=12 and m=6), can
be worked out considering the estimate of 81 reported in Table 4. In this case
the lower bound of o [TPi2(t)] turns out to be 0.156. As a result, the term
premium variability must account for at least 89.7% of the standard deviation of
the term spread.?? This, in turn, suggests that the time-varying term premium
can be very important to explain the failure of the EHTS for the short-end of
the term structure over the period 1960-2000.

5.2 Stability Tests

The battery of stability tests reported in this paragraph consists of the
CUSUM of Squared Residuals tests, as well as the tests for structural changes
proposed by Andrews (1993), and Andrews and Ploberger (1994). These tests
are carried out for both m=3 and n=6, and m=6 and n=12. An important
shortcoming of the standard tests used to detect breakpoints in the parameters
is that the breakdate has to be known a priori.2* As the true datebreak can
be different from the datebreak picked by the researcher (based on some known
features of the data), these tests can be potentially misleading. The solution to
this problem has been to treat the breakdates as unknown. Among the different

2INotice that eq.(17) can be seen as an expression for the asymptotic bias in the estimate
of ,él. The magnitude of the asymptotic bias depends not only on the value of p but also on
the ratio between the standard deviation of the term premium and the term spread. If the
former is approximately zero, then B1 will converge to 0, for any value of p.

22When the lower bound of the standard deviation of the term premium is computed con-
sidering the estimate of 81 reported in Tables 2 and 3, it assumes the values 0.069 and 0.089.
In this case, the term premium variability must account, respectively, for at least 91.7 and
96.1% of the standard deviation of the term spread. The standard deviation of the term
spread employed in the calculations, o[F$(t) — R3(t)], is 0.098.

23When the lower bound of the standard deviation of the term premium is computed con-
sidering the estimate of 31 reported in Tables 5 and 6, it assumes the values 0.175 and 0.179.
In this case, the term premium variability must account, respectively, for at least 100% and
102.5% of the standard deviation of the term spread. The standard deviation of the term
spread employed in the calculations, o[Fg2(t) — Re(t)], is 0.175.

24This is true, for instance, for the Chow Breakpoint test.
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Figure 1: Cumulative Sum of Squared Residuals (solid line) with upper and
lower bound of the confidence interval (dotted lines) for m=3 and n=6 (left
panel), and for m=6 and n=12 (right panel).

tests proposed by the literature, the tests employed in the analysis are those
proposed by Andrews (1993), and Andrews and Ploberger (1994). These tests
are based on the idea that an appropriate method to estimate the parameters,
including the breakdates, is the Least Squares. Operationally, the sample is split
at each possible breakdate, the other parameters estimated by Least Squares
and the sum of squared errors calculated and stored. The Least Squares break-
date estimate is the date that minimizes the full-sample residual variance. These
tests allow for testing instability in any single parameter of regressions, as well
as joint instability in a group of parameters (see, for instance, Hansen (2001),
and McConnell and Perez-Quiros (2000)).

Table 7 reports the Andrews and Andrews-Ploberger tests for the null hypothe-
ses of individual stability and joint stability in the parameters 35, 87 and the
variance of the disturbance term 2. While the upper panel sets out the tests
when m=3 and n=6, the bottom panel reports the tests for m=6 and n=12.
The two tests provide similar results. When three and six month interest rates
are taken into consideration they show strong evidence of structural breaks in
the parameter [, while for the parameters §; and o} the two tests highlight,
respectively, weak evidence and no evidence of structural breaks. The date-
breaks identified by the two tests fall within the interval January 1980 - August
1982, when the Federal Reserve ceased targeting interest rates. Focusing on the
twelve and six month rates, the two tests show that structural changes occur in
both the parameter 35 and 87 while there is weak evidence of structural change
in the variance of the disturbance term. Once again, the datebreaks are located
in the early 80s, in correspondence with the Federal Reserve’s ”"new operating
procedure”. On the other hand, both the Andrews and the Andrews-Ploberger
tests soundly reject the null of no structural break when tested against the al-
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ternative of the presence of structural breaks in all the parameters. Summing
up, both the Andrews and the Andrews-Ploberger provide evidence in favor of
the non-constancy of the parameters of eq.(4). This, in turn, is in line with the
parameter estimates reported in Tables 1-5 which indicate substantial shifts.
Applying the test for multi structural changes recently proposed by Bai and
Perron (2003), the results are, all in all, similar. In fact, structural changes
which occur in the early 80s are shown to be present in all the parameters but
0_2.25

Figure 1 reports the Cumulative Sum of Squared residuals (CUSUM Squared)
computed for n=6 and m=3 and for n=12 and m=6. The two diagrams are
quite similar, in fact both of them fall outside the two standard error bands
for the most part of the sample, strongly suggesting at least one break in the
parameters.

6 The Time-Varying Parameters Model

Given the strong evidence in favor of the non constancy in the parame-

ters of eq.(4), this section sets out a simple time-varying parameters model
which accommodate for the presence of time-varying term premium. The first
step, in order to construct the model is to cast it in State Space form. State
Space forms are essentially a notational convenience developed to make tractable
what would otherwise be notationally intractable estimation problems (see, for
instance, Harvey (1992) and Hamilton (1994)). These models consist of two
equations, called respectively "measurement” and ”transition” equation, and
they serve as the basis for virtually all linear estimation methods such as the
Kalman filtering technique. In the present context, casting a model in state
space form allows for the possibility of estimating both 35 and 3 as time-
varying parameters.
The model is constructed casting in state space form eqs.(4) and (14). Because
such model takes into account the presence of MA stochastic processes in the
disturbance term, it can provide potentially more refined estimations of the pa-
rameters involved as well as of the time-varying term premium. Moreover, as
already mentioned, accommodating for the presence of the moving average pro-
cess permits the examination of the stochastic properties of the term premium
on actual observed forward contracts with settlement dates of more than one
period in the future, rather than just the one period ahead case. The measure-
ment equation consists of eqs.(4) and (14) in which the parameters 5} and G
are made time-varying and it assumes the following form:

(E'_,,(t) — Ryp(t+n—m)) = (18)

25Results for the Bai and Perron (2003) test are not reported since they provide evidence
identical to both the Andrews and Andrews-Ploberger tests.
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The disturbance term e; is a scalar assumed to be normally distributed with
zero mean and variance o2 which is unknown but assumed finite. The transition
matrix F* is a square matrix whose dimension, in the case of n=6 and m=3,
is (5 x 5) while o} is a random disturbance vector assumed to be normally
distributed with zero mean and covariance matrix @Q*. The elements in the
matrix F* as well as in the covariance matrix Q* are unknown and have to
be estimated. To simplify the estimation procedure, independence among vy ¢,
v+ and e; is assumed in the covariance matrix @* which is also of dimension
(5% 5). With regard to the transition equation (19), it is a first order stochastic
difference equation with constant coefficients. As a result, they require starting
values. Thus, the initial values of the state vectors as well as the initial values

of the covariance matrice Q* are assumed to be known.?%
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The model has been set out in the most comprehensive form possible. It en-
compasses the "stationary”, the "non stationary”, the ”pure random” and the
”constant” specification of the term premium. This is a desirable feature for
a model which accommodates for the presence of time-varying term premium

26This means that in the estimation process initial guesses for both the state vectors and
the covariance matrices must be provided.
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because it does not force the researcher to take any a priori stance about the
stochastic process followed by the term premium itself. The stationary specifi-
cation requires |¢j] < 1, [¢| < 1, 035 > 0 and 03] > 0. In this case, both 3j,
and 7 ; are assumed to follow a stationary first order autoregressive process.
The non stationary specification, on the other hand, implies ¢§ = 1, ¢ = 1,
0x2 > 0 and 02 > 0. According to this specification, both the parameters are
assumed to follow a driftless random walk. If, on the other hand, o3 = 0 and
022 =0, then we fall in the constant specification while the pure random spec-
ification requires ¢*o = 0, ¢ = 0, 072 > 0 and 0}? > 0. The non-stationary
specification is taken into consideration to accommodate for the possibility that
permanent shocks dominate the term premium.2?” On the other hand, the sta-
tionary specification must be considered to accommodate for the possibility of
a mean-reverting term premium.

The configurations consistent with the EHTS, i.e. consistent with Gy constant
and (1 = 0, are the pure random and, as long as the estimate of 7 ; turns out
to be not statistically significant, the constant specification.

6.1 The Time-Varying Term Premium Model

The state space model given by egs.(18)-(21) encompasses a class of mod-
els largely employed in the literature to detect time-varying term premia under
rational expectations. These models can be constructed by making use of condi-
tion (1). Subtracting the future realized spot rate R,,(t +n—m) from both the
left and right-hand-side, one can write the (n-m)-period excess forward return
as follows:

Foomn(t) —Rp(t+n—m)=TP;  + tin_m(t) (22)

where Uit p—m(t) = B[R (t+n—m)]— Ry (t+n—m) is a (n-m)-period market
forecast error. Setting n=6 and m=3 to simplify the notation, the equation
above can be rewritten as follows:

Fy6(t) — R3(t +3) = TPS 4+ uy 3(t). (23)

Under rational expectations - i.e. under the assumption that the market fore-
cast errors are uncorrelated with prior information and FEiusipn—m(t)] = 0 -
the EHTS implies a constant term premium 7P .. Thus, the Kalman fil-
ter can be used to detect the unobserved time-varying term premium from the
(n-m)-period excess forward returns under the assumption of rational expecta-
tions. The only requirements of the model is the specification of the stochastic
processes for the unobserved components TP?_, in eq.(22). Once such specifi-
cation is chosen, the model can be put in state space form and the term premium
estimated. If the term premium is found to fluctuate over time, then the null
of EHTS is rejected because of time-varying term premium.

27The findings in Evans and Lewis (1994) and Gravelle et al. (1999) on cointegration between
spot and forward interest rates support this specification. Time-varying term premia which
evolve as random walks have been highlighted also in Iyer (1997).
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It can be shown that the above model originates from the general models given
by egs.(18)-(21) when the restriction ¢} = o2 = 0 is imposed. Thus, assum-
ing that the above restrictions hold, the model can be used to detect the term
premium by means of the time-varying parameter ;. It follows that testing
the null hypothesis ¢} = 02 = 0 is equivalent to testing for the hypothesis that
departures from rational expectations do not play any role in the invalidation
of the EHTS. These tests will be carried out in Section 6.6.

Models similar to the restricted versions of eqs.(18)-(21) have been employed,
for instance, by Wolff (1987), Iyer (1997) as well as Gravelle and Morley (2005)
to estimate time-varying term premia under rational expectations.?®

Having set out the model that will be employed to inspect the validity of the
EHTS as well as its restricted version, the next step is to address the problem
of estimating the unknown parameters. These parameters are called ”hyperpa-
rameters”. For the (unrestricted) model with n=6 and m=3, for instance, they
consist of ¢f, ¢, 61, 02, 032, 03 and o2.

6.2 Methodology

Once the model has been put in state space form, the hyperparameters can
be estimated by means of Kalman filter and maximum likelihood, which is a
recursive procedure for calculating the optimal estimator of the state (or latent)
variables given all the information which is currently available. This paragraph
sets out the main characteristics of the methodology.?’
Defining 3;;_1 the estimate of the state at time ¢ conditional on the information
available at time ¢-1, it is possible to write eq.(19) in the following form:

Bt = FBeji—1 + V¢ (24)

while its covariance matrix can be obtained applying the Variance Operator to
eq.(24), namely:
Py :FPt—1|t—1F/+Q- (25)

When, at time ¢, a new observation of the dependent and independent variables
become available, it is possible to compute the ”one step ahead prediction error”
1 and its variance f; as follows:

M= (B (t) = R (t+ 1 = m)) = (Fi_ (6) = Ron (1)) Buja 1 (26)

fo = (F_pn(t) = Rin(0)Pyje—1 (Fy_p (t) = Rin(2)) + 02 (27)

Once the one step ahead prediction error as well as its variance have been worked
out for each time ¢ in the sample period, it becomes also possible to construct
the likelihood function in term of the above components. Defining T' as the

28Wolff (1987) applies this econometric model to estimate the time-varying term premium
in forward exchange markets.

29A friendly introduction to the topic is offered by Welch and Bishop (2001) while more
detailed treatments are provided in Hamilton (1994) and Kim and Nelson (1999).
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number of observations and j as the number of parameters being estimated, the
likelihood function L takes the following form

T T 2
- U

L=—-05T-k)(In2r+Inol)=05 Y f—050.% > -L. (28)
t=k+1 t=k+1 h

Maximum likelihood estimates of the hyperparameters, as well as of their covari-
ance matrix, are then obtained applying numerical optimization techniques to
the above function.?® Once maximum likelihood estimates of the hyperparame-
ters have been obtained, the Kalman filter can be re-run to compute recursively
the mean of the state variables, as well as their covariance matrix for each time
t in the sample period. The Kalman filter is applied, in this context, to make
inferences on the changing regression coefficients. As already mentioned, a de-
sirable feature of the Kalman filter is that, according to eqs.(24)-(25), it delivers
estimates of 37, and 37, together with their standard deviations at each time
t included in the sample period. In Section 7 it will be shown how to exploit
such a characteristic to construct an alternative test for the EHTS.

6.3 Hyperparameters Instability and Monetary Regimes

Before proceeding to comment on the estimates obtained, some theoretical
and empirical arguments are introduced in order to justify the partition of the
analysis into the subperiods 1960-1965, 1966-1985 and 1986-2000.

While Section 5 has certified the instability of the parameters of the constant
term premium model, there is a second set of parameters that must be con-
sidered. These are the hyperparameters of the model defined by egs.(18)-(21).
These may well vary over the sample period and the question of their stability
must also be considered. It can be shown, for instance, that the usual tests for
heteroscedasticity carried out in Tables 1 to 5 return positive values for models
with constant parameters but with shifts in the hyperparameters. According
to Wells (1995), a test which is particularly indicated in detecting the latter
shifts is the CUSUM of squared residuals. Thus, in this context, Figure 1 has a
twofold valence. Because the statistic falls outside the upper and lower bands,
it provides evidence of parameters instability. However, the abrupt change in
the slope of the statistic which occurs in correspondence to 1965 and 1985 in-
dicates also that shifts in the hyperparameters might have occurred in both
the dates. This, in turn, fosters Goodfriend (1998) and Bordo and Haubrich’s
(2004) arguments, according to which the period 1960-2000 can be split into
three sub-periods, each of them characterized by a different monetary regime.
This introduces the second argument used to justify the partition of the anal-
ysis into sub-periods. According to these authors, in fact, the long bond rate
is particularly well suited to help a central bank assess the degree to which it

30For all models in this paper, Maximum Likelihood estimations have been conducted using
the BFGS (Broyden, Fletcher, Goldfarb, Shanno) and the SIMPLEX algorithm in RATS.
While the former requires twice-continuously differentiable functions, the latter is a derivative
free algorithm which requires only continuity.
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has achieved credibility of low inflation. Thus, inspecting the behavior of the
yield on long-term nominal bonds they are able to distinguish among periods of
high and low credibility. The period 1960-1965 is depicted by the authors as a
period of high credibility in which inflation averaged around 1 to 2 percent and
the long-term inflation expectations were no more than that.3! In sharp con-
trast, the period 1966-1985 is defined as a period of low credibility characterized
by rising inflation where long-term bond returns became high and increasingly
variable, signalling high and volatile inflation and inflation expectations.?? The
subperiod 1966-1985 encompasses the abrupt change in the Federal Reserve’s
monetary policy which occurred between October 1979 and September 1982.
With regard to the subperiod 1986-2000, the fact that the FED succeeded in
bringing inflation down below 3 percent, and the decline in long bond rates to
below 5 percent indicates the return to a regime of full credibility.?3

6.4 Parameter Estimates of the Three-Month Term Spread
Regression

Tables 8-9 set out the parameter estimates for the model identified by
egs.(18)-(21). All the maximum likelihood estimations have been conducted us-
ing both the SIMPLEX and the BFGS (Broyden, Fletcher, Goldfarb, Shanno)
algorithm in RATS. Because the former is less sensitive to the choice of initial
values than the latter, the SIMPLEX algorithm is used to refine initial estimates
before using the BFGS. This mitigates the risk of finding a local rather than
a global maximum.?* Once the final estimates have been obtained, a sensitive
analysis to check the stability of the estimates has been conducted. Such anal-
ysis consists in feeding the SIMPLEX and the BFGS algorithms with the final
estimates obtained in the first stage, and to check that they deliver estimates
consistent with those previously obtained. The estimation is conducted for the
entire sample period as well as for the subperiods which correspond to the mon-
etary regimes identified by Goodfriend (1998) and Bordo and Haubrich (2004).
Focusing on the period 1960-2000, both the autoregressive coefficients ¢ and ¢}
as well as the variances o2 and o2 turn out to be statistically significant. This
means that both (7, and 37 ; are time-varying. Since ¢5 = 0.747, the parameter
B5,¢ follows a mean reverting first order autoregressive stochastic process with
half life of 4 months and a half. With regard to 7, it evolves according to a
mean reverting process with a half life of 2 and a half months.?® The meaning

31During this period, in fact, the long bond rate averaged around 3 to 4 percent.

32For instance, when interest rates peaked in 1981, inflation was well above 10 percent per
year.

33During this period the Chairman of the FED had been Alan Greenspan who emphasized
the importance of price stability such that ”the expected rate of change of the general level
of prices ceases to be a factor in individual and business decision-making”.

34The drawback of this strategy is that when the SIMPLEX algorithm feeds the BFGS with
initial values estimated with a fairly high level of precision, the BFGS takes too few iterations
to achieve the convergence. If this happens, the BFGS might produce poorly estimated
standard errors.

35The half-life is commonly employed as a measure of the speed at which a stochastic process
reverts back to its mean. In other words, it is the time t* required for a divergence from the
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of a time-varying 7, is that the importance attached to the term spread, as
explanatory variable of the excess forward returns (the forward rate minus the
future realized spot rate), varies over time. More specifically, the statistical
significance of both ¢} and 02} suggests that the importance of the term spread
in explaining the excess forward returns is statistically significant. As a result,
the EHTS must be rejected also when the hypothesis is tested making use of
a time-varying parameters model which accommodates for time-varying term
premium. Moreover, because the above estimates suggest a 7, statistically
significant over time, the time-varying parameter [3;; cannot be interpreted as
an estimation of the time-varying term premium.

The model fares pretty well in fitting actual data, in fact it presents a higher
Rf‘ .1 With respect to the one set out in Table 1 for the constant term premium
model. Overall, the statistical significance of the hyperparameters related to
both 37, and 7 ; suggests that the EHTS does not hold because of both time-
varying term premium and departures from rational expectations. The depar-
tures from rational expectations are highlighted by the fact that g7, is likely
to assume, over time, values different from zero which, in turn, means that the
term spread contains information at time ¢ which has remained unexploited.
Unlike in the constant term premium model, the moving average coefficients
turn out to be non statistically significant. This might be explained by the fact
that when both the parameters 5y and 3; become time-varying, they absorb
part of the explanatory power of the moving average process.

Table 9 reports the Box-Ljung Q-statistic and the Breusch-Godfrey (B-G) test
for autocorrelation, the Breusch-Pagan (B-P) and the Lagrange Multiplier (LM)
ARCH test for heteroscedasticity, as well as the Jarque-Bera (J-B) test for nor-
mality in the residuals. Despite the model accommodates for the time-varying
term premium, the diagnostic tests suggest that there may still exist an omit-
ted variable problem, since the residuals are serially correlated and conditional
heteroscedastic. This, in turn, suggests that there is information available to
agents at time ¢ not included in the term spread which has remained unex-
ploited. As a result, a further role for the presence of irrationality arises in the
rejection of the EHTS. These results are consistent with the findings of previous
studies (see, for instance, Jones and Roley (1983), Fama (1984), Fama and Bliss
(1987), Mishkin (1988) and Harris (2004)).

6.4.1 Parameter estimates across different monetary regimes

In line with the arguments set out in Paragraph 6.3, this paragraph shows
that the hyperparameter estimates of eqs.(18)-(21) are regime dependent. This
is especially true for the parameter 3, which accommodate for the time-varying
term premium. In fact, consistently with the economic characteristics of the dif-
ferent monetary regimes, the parameter turns out to be driven by a deterministic
process in the period 1960-1965 and by stochastic processes respectively with

average to dissipate by one half. Since the processes governing both 55,75 and ﬁf,t are AR(1),
the half life it is computed by ¢* = In(0.5)/In(¢*).
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high and low variance during the periods 1966-1985 and 1986-2000.36

Because the period 1960-1965 is a credible monetary regime, one would expect
the term premium not to play a significant role. This is confirmed by the fact
that the variance o2 is very small and not statistically significant and |¢g| < 1.
In other words, the parameter 3j ;, which accommodates for time-varying term
premium, is not stochastic and converges quickly toward zero. With regard to
1 4, since both the autoregressive coefficient and the variance turn out to be
statistically significant, it evolves according to a mean reverting first order au-
toregressive process. Because of the constancy of 37 ; and therefore the absence
of time-varying term premium, one would also expect the constant parameters
model to be a reliable model. This is confirmed by the fact that the R? statistics
for both the constant and the time-varying parameter models assume similar
values. Thus, the evidence of non statistically significant 37, and highly signif-
icant ¢ and 07 suggests that the EHTS does not hold because B1 ¢ is likely
to assume, over time, values different from zero. In other words, the EHTS
is invalidated because the term spread contains information at time ¢ which
has remained unexploited. Table 9 report diagnostic statistics for the residuals
originated by the model. Despite the model accommodates for the time-varying
term premium, the diagnostic tests show that the residuals remain serially cor-
related and conditional heteroscedastic, suggesting the existence of an omitted
variable problem. This, in turn, suggests that there is information available
to agents at time t not included in the term spread which has remained unex-
ploited. Thus, limitedly to the period 1960-1965, a further role for departures
from rational expectations arises in the rejection of the EHTS. Finally, unlike in
the constant term premium models, the residuals originated by the model turn
out to be normally distributed.

Conversely, in a monetary regime characterized by low credibility like the sub-
period 1966-1985, one would expect the term premium to be relevant and the
time-varying parameter model to be more reliable than the constant term pre-
mium model for the assessment of the EHTS. The empirical estimates of Table 8
support this view. In fact, the variance of the stochastic process governing 37 ;
turns out to be non-statistically significant, suggesting a non-stochastic param-
eter which converges quickly toward zero. On the other hand, the relevant
role reserved to the term premium is suggested by the statistical significance
of the parameters which govern the stochastic process of 7 ;, as well as by its
high variability - as indicated by the large values taken by SD(5;,).>" The
higher reliability can be deduced from the higher Rf‘ ., statistic of the time-
varying parameters model with respect to the statistic reported in Table 1 for
the constant term premium model. Thus, limitedly to the period 1966-1985,
the hyperparameter estimates suggest that the EHTS does not hold because of
time-varying term premium, while a limited role is reserved to departures from
rational expectations. The analysis of residuals reported in Table 9 highlights

36Notice, in fact, that the parameter U:(Q) is statistically significant for the subperiods 1966-
1985 and 1986-2000, while it turns out not significant for the subperiod 1960-1965.
37SD(58¢) is the standard deviation of the time-varying parameter £ ,.
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the presence of serial correlation as well as conditional heteroscedasticity. More-
over, similarly to the constant term premium model, the residuals turn out to
be not normally distributed.

The sub-period 1986-2000, which coincides in large part with the Greenspan’s
regime, is characterized by low turbulence and high credibility so that, once
again, one would expect a reduced relevance of the time-varying term premium
as well as the constant term premium to be a reliable model to investigate the
EHTS. Also for this sub-period, o2 turns out to be not significant, highlighting
the marginal role played by departures from rational expectations. Thus, the
above result might suggest that also for the subperiod 1986-2000 the parameter
B5 ¢ is an estimation of the term premium. Although remarkably reduced with
respect to the previous subperiod, its variance o3 remains statistically signifi-
cant as well as the autoregressive parameter ¢;. Unlike the period 1960-1965,
therefore, the term premium is driven by a stochastic process. However, its
degree of variability turns out to be greatly reduced with respect to the period
1966-1985.3% Because of the desirable characteristics of this monetary regime,
one would also expect a higher degree of mean reversion with respect to the
previous period while this is not the case.?? Overall, the above estimates sug-
gest that the EHTS does not hold because of time-varying term premium. In
such a context, it is not surprising that the time-varying term premium model
outperforms the constant term premium model.*® Also for this subperiod the
diagnostic statistics reported in Table 9 highlight residuals serially correlated
and conditionally heteroscedastic as well as not normally distributed.
Summing up, the evidence so far obtained for both the subperiods 1966-1985
and 1986-2000 suggests that the EHTS is rejected solely because of time-varying
term premium. Such hypothesis, however, can be formally tested imposing the
restrictions ¢} = 02% = 0 on the models given by eqs.(18)-(21). These test will
be carried out in the paragraph 6.6.

6.5 Parameter Estimates of the Six-Month Term Spread
Regression

Table 10 reports the parameter estimates for the model defined by egs.(18)-
(21) when n=12 and m=6. Focusing on the period 1964-2000, both the autore-
gressive coefficients ¢ and ¢} as well as the variances 073 and o2 turn out to
be statistically significant. This means that both 37, and 37 ; are time-varying
parameters. Since ¢j = 0.870, the parameter (33 , follows a mean reverting first
order autoregressive stochastic process with half life of nearly five months. With
regard to 37 ;, it evolves according to a mean reverting process with a half life of
one and a half months. Also in this case, similarly to the results obtained for the
three-month term spread, the statistical significance of both ¢ and o2 suggests

38The reduced volatility is also highlighted by SD(ﬁ0 L)

39The half life t* for the period 1986-2000 is 4 and a half months, while for the previous
period it is slightly more than two months.

40Notice, in fact, that the R? statistics for the time-varying term premium model are much
higher than the R? for the constant term premium model.
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that the importance of the term spread in explaining the excess forward returns
is statistically significant. As a result, the EHTS must be rejected also when
the hypothesis is tested making use of a time-varying parameters model which
accommodates for time-varying term premium. Moreover, because the above
estimates suggest a 7, statistically significant over time, the time-varying pa-
rameter [, cannot be interpreted as an estimation of the time-varying term
premium. The model fares pretty well in fitting actual data, in fact it presents
a higher Rf‘tfl with respect to the one set out in Table 4 for the constant term
premium model.

Overall, the statistical significance of the hyperparameters which govern both
B5, and 57 ; suggests that the EHTS does not hold because of both time-varying
term premium and departures from rational expectations. The departures from
rational expectations are highlighted by the fact that 37, is likely to assume,
over time, values different from zero which, in turn, means that the term spread
contains information at time ¢ which has remained unexploited. This result
parallels the empirical evidence obtained for the three-month term spread. Un-
like in the constant term premium model, the moving average coefficients turn
out to be non statistically significant. This might be explained by the fact that
when both the parameters 55 and 87 become time-varying, they absorb part of
the explanatory power of the moving average process.

Table 11 reports the Box-Ljung Q-statistic and the Breusch-Godfrey (B-G) test
for autocorrelation, the Breusch-Pagan (B-P) and the Lagrange Multiplier (LM)
ARCH test for heteroscedasticity, as well as the Jarque-Bera (J-B) test for nor-
mality in the residuals. Similarly to the three-month term spread regressions,
the diagnostic tests suggest that there may still exist an omitted variable prob-
lem, since the residuals are serially correlated. This, in turn, suggests that a
further role for the presence of irrationality, other than the role played by the
time-varying term premium, arises in the rejection of the EHTS. The Breusch-
Pagan (B-P) and the Lagrange Multiplier (LM) ARCH test highlight the pres-
ence of conditional heteroscedasticity.

6.5.1 Parameter estimates across different monetary regimes

In line with the previous analysis, this paragraph works out the hyperparam-
eter estimates of egs.(18)-(21) for the subperiods 1964-1985 and 1986-2000. The
empirical estimates reported in Table 10 turn out to be regime dependent. This
is especially true for the parameter (5, which accommodates for time-varying
term premium. In fact, consistently with the economic characteristics of the
different monetary regimes, it turns out to be driven by stochastic processes
with, respectively, high and low variance during the subperiods 1964-1985 and
1986-2000. This supports the view that in a monetary regime characterized by
low credibility like the subperiod 1966-1985, one should expect the term pre-
mium to play a relevant role and the time-varying parameter models to be more
reliable than the constant term premium model for the assessment of the EHTS.
The variance 2] turns out to be not statistically significant. In other words,
1 ; is a deterministic process which converges quickly towards zero. Thus, lim-
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itedly to the subperiod 1964-1985, the hyperparameter estimates suggests that
the time-varying term premium is the only cause of rejection of the EHTS, while
a limited role is reserved to departures from rational expectations. The higher
reliability of the time-varying parameters model can be deduced from the higher
Rf‘ . statistic with respect to the statistic reported in Table 4 for the constant
term premium model. The analysis of residuals reported in Table 11 highlights
the presence of serial correlation as well as conditional heteroscedasticity. More-
over, similarly to the constant term premium model, the residuals turn out to
be not normally distributed.

As already explained the subperiod 1986-2000 was characterized by low tur-
bulence and high credibility so that one would expect a reduced relevance of
the time-varying term premium as well as the constant term premium to be a
reliable model to investigate the EHTS. Similarly to the results obtained for the
three-month term spread regression, the variance 0% turns out to be not sta-
tistically significant, highlighting the marginal role played by departures from
rational expectations. Thus, the above result suggest that also for the subperiod
1986-2000 the parameter 3;, could be an estimation of the term premium. Al-
though remarkably reduced with respect to the previous subperiod, its variance
o2 remains statistically significant as well as the autoregressive parameter ¢f.4*
Because of the desirable characteristics of this monetary regime, one would also
expect a higher degree of mean reversion with respect to the previous period,
however this is not the case.*?> Overall, the above estimates suggest that the
EHTS does not hold because of time-varying term premium. In such a context,
it is not surprising that the time-varying term premium model outperforms the
constant term premium model.*> Also for this subperiod the diagnostic tests
reported in Table 11 highlight residuals serially correlated and conditionally het-
eroscedastic. However, the null of normality is rejected only at 10% significance
level.

Summing up, the evidence so far obtained for both the subperiods 1966-1985
and 1986-2000 suggests that the EHTS is rejected solely because of time-varying
term premium. As already mentioned, such hypothesis can be formally tested
imposing the restrictions ¢f = 02% = 0 on the model given by eqgs.(18)-(21).
These tests will be reported in the next paragraph.

6.6 Testing for Departures from Rational Expectations

In this paper tests for the EHTS have been carried out making use of the
forward-spot spread regression given by eq.(4). This equation, in fact, in both
its constant and time-varying parameters versions, must be regarded as a testing
equation which can be employed to test for the EHTS (see, for instance, Fama

41The reduced volatility is also highlighted by SD(B54)-

42The half life t* for the period 1986-2000 is seven and a half months, while for the previous
period it is slightly more than four months.

43 Notice, in fact, that limitedly to the subperiod 1986-2000 the R? statistics for the time-
varying term premium model are much higher than the R? for the constant term premium
model.
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(1984) and Tzavalis and Wickens (1997)). As highlighted in paragraph 6.1,
however, if the parameter 37, is equal to zero then eq.(4), in its time-varying
parameters version, becomes a tool which can be employed to extract the term
premium from excess forward returns under the hypothesis of rational expec-
tations. In fact, as long as the already mentioned restriction holds, the above
model becomes equivalent to the econometric framework employed by Wolff
(1987), Iyer (1997) and Gravelle and Morley (2005). Moreover, from a theo-
retical perspectives it can be seen that if the restriction 8], = 0 holds then
eq.(4) falls into the class of models of the time-varying term premium set out
in par.2.1. In this case, the unobservable term premium is modelled by means
of the time-varying parameter [ ;.

Given the econometric framework of eqs.(18)-(21), the restrictions 37, = 0 can
be evaluated by testing the null hypothesis ¢ = 0% = 0. Testing for the above
restrictions has a twofold motivation. Firstly, such tests are essentially tests
for rational expectations. As long as the null cannot be rejected, then the role
of departures from rational expectations in the invalidation of the EHTS can
be excluded, and the restricted version of eq.(4) can be employed to detect the
time-varying term premium. Secondly, there is strong indication that for the
three and six-month term spread regressions the empirical estimates of o2 are
not statistically significant for the subperiods 1966-1985 and 1986-2000, show-
ing evidence in favor of the above restrictions. Thus, standard Likelihood Ratio
(LR) tests are employed to test for the null ¢7 = o7 = 0 for the subperiod
1966-2000.44

6.6.1 Restrictions for the Three-Month Term Spread Regression

Table 12 reports the estimates for the unrestricted and restricted model given
by eqs.(18)-(21) for the subperiod 1966-2000 when n=6 and m=3. While the
parameter estimates of the unrestricted and restricted models turn out to be
quite similar, the LR test is 21.67. Being the degrees of freedom equal to 2, the
null of rational expectations is rejected at standard significance levels. Thus,
although the non statistical significance of o reported in Table 8 provides evi-
dence in favor of rational expectations, when this hypothesis is formally tested it
is soundly rejected. Moreover, identical conclusions can be drawn when the null
hypothesis is tested separately for the subperiods 1966-1985 and 1986-2000.%5
As a result, limitedly to the period 1966-2000, the theoretical framework set
out in paragraph 6.1 cannot be employed to estimate the time-varying term
premium under rational expectations. Moreover, recalling that the EHTS is a
joint hypothesis of rationality and risk neutrality, the above result shows that
a large part of the literature which has inspected the hypothesis assuming that

44The likelihood ratio tests are based on the result that, under the null, the statistic LR =
—2log(Lr/Lyr) is asymptotically distributed as x2, where m is the number of restrictions
and where L and Ly g are the values of the log likelihood functions under the restricted and
unrestricted case.

45To save space the empirical estimates of the restricted and unrestricted models as well as
the likelihood ratio for these subperiods are not reported.
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the rational expectation leg of the theory holds and testing for its second leg -
i.e. the presence of time-varying term premium - might be flawed when applied
to three and six month spot interest rates.

6.6.2 Restrictions for the Six-Month Term Spread Regression

When the above analysis is carried out for the six-month term spread re-
gressions (i.e. when n=12 and m=6), the conclusions turn out to be slightly
different. In line with the outcomes obtained for the three-month term spread
regression, the restriction for model (18)-(21) are soundly rejected when tested
over the period 1966-2000 and the subperiod 1966-1985. To save space the es-
timates of the restricted and unrestricted models as well as the likelihood ratio
for these periods are not reported. When, however, the same restrictions are
tested over the subperiod 1986-2000 there is partial evidence in favor of rational
expectations. The empirical estimates of the unrestricted and restricted models
given by eqs.(18)-(21) for the subperiod 1986-2000 are reported in Table 12.
Being the LR test equal to 1.960, the null of rational expectations cannot be
rejected at conventional significance levels. This, in turn, suggests that the the-
oretical framework set out in paragraph 6.1 is a valid instrument to detect the
time-varying term premium under rational expectations, when applied to twelve
and six month spot interest rates.

7 Testing the EHTS from a Different Perspec-
tive

All the estimates carried out in the previous sections provide empirical ev-
idence that the EHTS is invalidated because of either or both time-varying
term premium and departures from rational expectations. With regard to the
constant term premium models set out in Section 4, they provide overwhelming
empirical evidence against the validity of the EHTS. Once one believes the term
premium to be time-varying, however, such models become flawed. In fact, the
Kalman filter estimates of Section 6 suggest that there might be a pre-eminent
role for the time-varying term premium in the invalidation of the EHTS. This, in
turn, could explain why the EHTS is so soundly rejected when tested using the
constant parameters model. As argued in Section 4, in presence of time-varying
term premium, the time-varying coefficients models become preferable because
they can accommodate for the presence of time-varying term premium (see, for
instance, Simon (1989), Jones and Roley (1983), Tzavalis and Wickens (1997)
and Boero and Torricelli (2002)). Because of that, such models might provide
results more favorable to the EHTS. However, when estimations of these models
are carried out, the evidence provided is far from being reversed. Because both
the parameters 3 ; and 7 ; are found to be driven by autoregressive stochastic
processes, the EHTS remains invalidated, as it is shown by the empirical esti-
mates of Tables 8 and 10.

As already mentioned, a desirable feature of the Kalman filter is that it deliv-
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ers estimates of the state variables 37, and 37, together with their standard
deviations at each time t included in the sample period. This section shows
that the voluminous evidence against the EHTS can be partially reversed when
the hypothesis is tested exploiting this particular characteristic. Applied to this
context, such feature becomes very desirable because it permits the checking
over time of the statistical significance of both the parameters 35, and 37 ;. In
fact, although in Section 5 both the parameters have been found to be time-
varying, they might assume, for some specific time ¢ in the sample period, values
not statistically significant, thus providing evidence for the EHTS to hold. More
specifically, at each time ¢ the EHTS is validated as long as both the parame-
ters (3, and 37, turn out to be not statistically significant. On the other hand,
the EHTS can be rejected because of time-varying term premium. This occurs
when the parameter (5, turns out to be statistically significant while the pa-
rameter (3], is not. The same hypothesis can also be rejected because of both
time-varying term premium and departures from rational expectations. In this
case both the parameters fj, and 7, must be jointly statistically significant.

7.1 Testing the EHTS using the Three-Month Term Spread
Regression

In this paragraph the validity of the EHTS is tested by simultaneously eval-
uating the statistical significance of the parameters 37, and f7, when three
and six month spot interest rates are considered. Table 14 reports the relative
frequency with which the parameters assume values statistically significant at
10% level. These results show that, during the period 1960-2000, the EHTS
cannot be rejected for long periods reversing, therefore, the conclusions drawn
in the previous sections. The time-varying term premium is the cause which
invalidates the EHTS for 17.7% of the entire period (85 months out of 481)
while the joint effect of time-varying term premium and departures from ratio-
nal expectations becomes statistically relevant for 3.74% (18 months). It can
be shown that the period in which departures for rational expectations play a
role in the rejection of the EHTS is mainly concentrated within the interval
from 1979 to 1982. This period, in turn, coincides with the abrupt change in
the Federal Reserve’s monetary policy which occurred between October 1979
and September 1982. Finally, the EHTS holds for the most part of the period
1960-2000 (i.e. 78.6% of the times, equivalent to 378 months out of 481).

The figures reported in Table 14 show that also the conclusions drawn in Sec-
tion 6 regarding the different monetary regimes must be partially reviewed.
Unlike the empirical evidence of Section 6, in fact, the period 1960-1965 is now
fully characterized by the EHTS which holds 100% of the times. Although this
result perfectly matches the descriptions given by Goodfriend (1998) and Bordo
and Haubrich (2004), it must be taken with caution in view of the reduced num-
ber of data available for the period 1960-1965.4¢ While the monetary regime

461 fact, once maximum likelihood estimates of the hyperparameters are obtained, the
Kalman filter is re-run to compute recursively the values of G5, and 37 ,, as well as their
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at work during the subperiod 1966-1985 was found fully characterized by the
predominant role of the time-varying term premium as well as by departures
from rationality, there is now room for the EHTS to hold. More specifically,
the EHTS remains valid for 158 months out of 240 (equivalent to 66.1% of the
entire subperiod). The time-varying term premium is the major cause of re-
jection of the EHTS (27.2% of the times) while the joint effect of departures
from rational expectations and time-varying term premium accounts for 7.5%
of the times. With regard to the period 1986-2000, quite unexpectedly, in the
previous sections, it was found characterized by stochastic properties similar to
those of the subperiod 1966-1985, despite its characteristics of credible regime.
The results of Table 14 assign now a pre-eminent role to the EHTS which holds
87.6% of the times. In this case, the only cause of rejection of the EHTS is
the presence of time-varying term premium, while no role is reserved to depar-
tures from rational expectations. Such result reconciles the empirical evidence
with the aforementioned characteristics of credible monetary regime highlighted
by Goodfriend (1998) and Bordo and Haubrich (2004).

7.2 Testing the EHTS using the Six-Month Term Spread
Regression

This paragraph tests for the validity of the EHTS when six and twelve month
spot interest rates are considered. The relative frequency with which the param-
eters 35, and (3} , assume values statistically significant at 10% level is reported
in Table 15. Overall, the empirical evidence is similar to that obtained for six
and three month spot interest rates.

During the period 1964-2000, the EHTS cannot be rejected for long periods
reversing, therefore, the conclusions drawn in the previous sections. The time-
varying term premium is the cause which invalidates the EHTS for 47.2% of
the entire period (204 months out of 432). Thus, the presence of time-varying
term premium plays a more pre-eminent role in the rejection of the EHTS when
twelve and six month spot interest rates are considered. The joint effect of
time-varying term premium and departures from rational expectations becomes
statistically relevant for 1.2% of the times (5 months out of 432). Finally, the
EHTS holds for the most part of the period (51.8% equivalent to 224 months).
While the analysis carried out in paragraph 6.5 has highlighted that the subpe-
riod 1966-1985 is fully characterized by the predominant role of the time-varying
term premium as well as by departures from rationality, there is now room for
the EHTS to hold. In particular, the EHTS remains valid for 97 months out of

covariance matrix. For this computation to be carried out, initial values for the two parameters
as well as for their covariance matrix must be provided. However, unlike the starting values
for 85 and B}, their covariance matrix is assumed to be unknown. This, in turn, is equivalent
to set the initial values of the covariance matrix to infinite. As more data points are added
one period at a time until the end is reached, the recursive estimates of the covariance matrix
converge toward their true (natural) values. The convergency rate, however, could be relatively
slow. When this occurs, the estimates of the covariance matrix turn out to be inflated for
the initial part of the sample period considered. This might explain why, limitedly to the
subperiod 1960-1965, both the parameters 85 and 3] result not statistically significant.
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240 (equivalent to 40.4% of the entire subperiod). The presence of time-varying
term premium represents the major cause of rejection of the EHTS (57.5% of
the times equivalent to 138 months out of 240) while the time-varying term
premium and departures from rational expectations becomes jointly relevant
for 2.1% of the times. Finally, with regard to the regime at work during the
period 1986-2000, the results of Table 15 still assign a quite relevant role to the
time-varying term premium while no role whatsoever is reserved to departures
from rational expectations. More specifically, the EHTS is rejected because of
time-varying term premium for 37.9% of the subperiod, while it holds for the
remaining 62.1%. This result, in turn, supports the empirical evidence of para-
graph 6.6, where the null of rational expectations, limitedly to the subperiod
1986-2000, was not rejected at standard significance levels. Such results recon-
cile the empirical evidence with the aforementioned characteristics of credible
monetary regime.

8 Conclusion

This paper inspects the validity of the EHTS making use of single regression
models that accommodates for the presence of time-varying term premia. This
is done by employing time-varying parameters models estimated by means of
Kalman filter and maximum likelihood. It is this approach that informs the
originality of this study. While standard single regression models employed in
the literature require identification of the factors affecting term premium using
observables, the Kalman filter approach does not require any a priori specifi-
cation of such factors. This is the main advantage of this approach, since it is
highly plausible that term premia are affected by factors difficult to observe.
Moreover, the time-varying parameters models employed in this paper have
some important features which make them preferable to standard constant pa-
rameters models employed in the literature. First, their econometric framework
encompasses the models commonly employed in the literature to detect time-
varying term premia under rational expectations. As such, their econometric
framework can be employed to construct a formal test for the null of rational
expectations. Second, the time-varying parameters models can be employed to
test for the validity of the EHTS for each time ¢ of the sample period.
Throughout this paper, the EHTS is investigated employing three different ap-
proaches. First, standard fixed parameters regressions are considered. This
basic approach is then sophisticated by implementing time-varying parameters
models by means of Kalman filter and maximum likelihood. Finally, the EHTS
is investigated exploiting the fact that the Kalman filter delivers iterative es-
timations of the latent (unobservable) variables together with their standard
deviations at each time ¢ included in the sample period.

When constant parameters regressions are used to inspect the validity of the
EHTS, they provide strong evidence against this hypothesis. However, in pres-
ence of time-varying term premia, the constant parameters models become
flawed. Unlike these models, the time-varying parameter models can accom-
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modate for time-varying term premia and, therefore, might deliver results more
favorable to the EHTS. When, however, such models are employed, the results
suggest that the EHTS is still rejected when tested on the short-end of the term
structure. This evidence holds for both three and six month, and six and twelve
month interest rates.

When the EHTS is inspected across different monetary regimes at work dur-
ing the period 1960-2000, the evidence results quite different depending on the
dataset considered. When the hypothesis is tested on three and six month in-
terest rates, the Kalman filter estimates highlight a reduced role for departures
from rational expectations for the period 1966-2000. However, when the null
of rational expectations is formally tested, such hypothesis is soundly rejected.
This shows that, although the role of departures from rational expectations as
cause of rejection of the EHTS turns out to be reduced, it is still relevant along
with the role played by the time-varying term premium. The empirical evi-
dence obtained when six and twelve month rates are employed turns out to be
different depending on the subperiod considered. When the analysis focusses on
the subperiod 1966-1985, the Kalman filter estimates highlight a reduced but
still relevant role for departures from rational expectations. However, when the
subperiod 1986-2000 is taken into consideration, the empirical evidence shows
that departures from rational expectations do not play any role whatsoever in
the rejection of the EHTS. As a result, limitedly to this period, the EHTS turns
out to be rejected exclusively because of the presence of time-varying term pre-
mium.

Finally, the EHTS is tested exploiting the fact that the Kalman filter delivers
iterative estimations of the parameters of the models employed to test for the
EHTS, together with their standard deviations at each time ¢ included in the
sample period. Unlike the evidence provided in previous sections, this analy-
sis shows much stronger evidence in favor of the EHTS. In fact, the EHTS is
shown to holds for large part of the sample periods under analysis, while the
time-varying term premium is by far the most frequent cause for its rejection.
Departures from rational expectations are clustered around the abrupt change
in the Federal Reserve’s monetary policy which occurred between October 1979
and September 1982. However, apart from this short period, they are rarely
statistically relevant for the invalidation of the EHTS. This evidence holds for
both three and six month, and six and twelve month interest rate. Given the
extensive empirical literature regarding the US term structure which shows the
non-validity of the EHTS when tested on the short-end of the term structure
spectrum, this represents a quite surprising result. This finding, in turn, rec-
onciles the US evidence with the evidence found for many European countries
where the EHTS was found to be valid.
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Table 1: HAC estimation of the constant term premium model for n=6 and
m=3.

FS(t) — R3(t+3) = Bo + B1[F5(t) — R3(t)] — ev13(2)

1960-1965 | 1966-1985 | 1986-2000 1960-2000
Bo ~0.069% 0.026 0.052% 0.028
(0.030) (0.059) (0.019) (0.030)
e 1.667% 0.737% 0.375 0.703%
(0.417) (0.314) (0.213) (0.229)
R? 0.730 0.145 0.392 0.177
Q)" 53.08* 141.6% 153.6% 289.3%
QR) 94.91% 166.1% 160.9% 323.9%
B—G° 12.6* 155.2% 115.6% 314.9%
B—P° 19.613% 3.872 1.932%% 3.069
LM(1)? | 15.355% 73.561% 57.878% 158.36*
LM(2) 23.324% 76.832% 60.428% 163.97%
LM(4) 28.467% 93.026% 61.716% 197.86%
LM(3) 33.960% 106.23% 70.350% 226.54%
J— B° 30.14% 740.6* 5.133%* 5562%
Obs. 72 240 173 485

Notes: Standard Error in parenthesis.

* (**) Significant at 5% (10%) in a two-tailed test.

@ Ljung-Box statistic, ® Breusch-Godfrey test, © Breusch-Pagan
test, d Lagrange Multiplier ARCH test, ¢ Jarque-Bera test.

Table 2: Estimation of the constant term premium model for n=6 and m=3
with MA(2) stochastic process in the disturbance term.

FJ(t) — R3(t + 3) = Bo + B1[Fy (t) — Ra(t)] + et43(t)
5t+3(t) = e(t) + ﬁle(t — 1) —+ 192€(t — 2)

1960-1965 1966-1985 1986-2000 1960-2000

Bo 0.003 -0.013 0.027 0.011
(0.004) (0.012) (0.017) (0.016)

B1 0.930% 0.995% 0.878% 0.917%
(0.037) (0.021) (0.071) (0.034)

91 0.898% 1.004% 1.045% 0.998%
(0.054) (0.004) (0.033) (0.004)

92 0.906* 1.002% 0.851% 0.984%
(0.031) (0.004) (0.030) (0.008)

o2 0.0013% 0.034* 0.003* 0.019%
(0.0002) (0.001) (0.0002) (0.0004)

R 0.976 0.874 0.911 0.751
QMA)°” 5.323 24.13% 35.25% 44.14%
Q@) 12.10 48.02% 49.37% 81.67F
B—-G° 4.86%* 25.6* 19.40% 50.04*
B — P° 2.478 6.588% 4.114 5.939%F
LM (1)? 0.002 13.80% 0.173 31.09%
LM(2) 0.167 25.54% 0.942 59.65%
LM(4) 11.08%* 25.72% 9.646* 59.63*
LM (8) 6.367 A1.577F 12.280 93.09%
J — B° 42.21%* 358.4% 2577* 11445*

Notes: Standard Error in parenthesis.

* (**) Significant at 5% (10%) in a two-tailed test.

@ Ljung-Box statistic, ® Breusch-Godfrey test, ¢ Breusch-Pagan
test, d Lagrange Multiplier ARCH test, ¢ Jarque-Bera test.
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Table 3: Estimation of the constant term premium model for n=6 and m=3
with MA(2) and conditional heteroscedastic disturbance term.

F9(t) — Ra(t +3) = Bo + B1[F5 (t) — Rs(t)] + er43(t)
erra(t) = e(t) + 91e(t — 1) + Dae(t — 2)
U§t+3 (t) = a0 + a16§+3(t - 1)+ a20§t+3 (t—1)

1960-1965 | 1966-1985 | 1986-2000 | 1960-2000
Bo B -~0.023% N -0.010
(-) (0.009) -) (0.007)
B1 B 0.997% N 0.961%
(-) (0.034) -) (0.031)
J1 B 0.950% - 0.949%
(-) (0.005) (=) (0.008)
I - 0.999% N 0.941%
) (0.005) ) (0.018)
g - 0.0008% - 0.0001%
=) (0.0003) -) (0.00006)
o B 0.646% - 0.677*
) (0.016) ) (0.049)
Qs B 0.390% - 0.392%
) (0.030) ) (0.080)
R? - 0.871 - 0.740

Notes: Standard Error in parenthesis.
* (**) Significant at 5% (10%) in a two-tailed test.

Table 4: HAC estimation of the constant term premium model for n=12 and
m=~6.

Fg?(t) — R(t +6) = Bo + B1[Fa-(t) — Re(t)] + ce46(t)

1964-1985 1986-2000 1964-2000
Bo -0.014 0.042 -0.001
(0.053) (0.031) (0.038)
B1 0.935% 0.525% 0.897%
(0.238) (0.263) (0.210)
R? 0.171 0.065 0.159
Q4)° 292.3% 391.8% 520.1%
Q) 313.6% 339.5% 535.4%
B—-GY 198.1% 137.2% 328.1%
B — P° 11.82% 6.497% 27.67%
LM (1)? 181.3% 08.74* 224.1%
LM(2) 198.1% 101.4% 223.5%
LM (4) 200.8% 102.8% 332.3%
LM () 217.5% 103.3% 356.6%
J — B° 71.5% 2.373 305.5%

Obs. 264 165 429

Notes: Standard Error in parenthesis.

* (**) Significant at 5% (10%) in a two-tailed test.

“ Ljung-Box statistic, b Breusch-Godfrey test, ¢ Breusch-Pagan
test, d Lagrange Multiplier ARCH test, ¢ Jarque-Bera test.
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Table 5: Estimation of the constant term premium model for n=12 and m=6
with MA(5) stochastic process in the disturbance term.

Fg2(t) = Re(t + 6) = o + B1[Fg (1) — Re(D)] + er6(t)
ert6(t) = e(t) + V1e(t — 1) + Yoe(t —2) + ... + Ise(t — 5)

1964-1985 1986-2000 1964-2000

Bo 0.009 -0.001 0.0021
(0.014) (0.036) (0.008)

B1 1.005% 1.070% 1.002%
(0.028) (0.035) (0.011)

91 1.402% 1.097% 1.361%
(0.161) (0.010) (0.095)

I 1.228% 1.166% 1.278%
(0.222) (0.021) (0.128)

93 0.596% 1.152% 0.780%
(0.180) (0.021) (0.143)

94 0.146 1.060% 0.407%
(0.132) (0.027) (0.106)

s 0.465% 0.944% 0.556%
(0.103) (0.016) (0.070)

o2 0.031% 0.004* 0.020%
(0.001) (0.0004) (0.0005)

RZ 0.882 0.924 0.877
Q(6)” 40.82% 26.79% 51.18%
Q(®) 57.36% 28.63% 86.71%
B—-G? 104.2% 15.52% 106.5*
B — P° 33.93% 4.866%*F 49.86%
LM(1)? 55.96% 5.042% 88.05%
LM (2) 55.88% 5.021%% 88.39%
LM (4) 683.66* 5.413 97.19%
LM(8) 96.80% 14.57%% 153.8%
J — B° 285.9% 0.788 1705%

Notes: Standard Error in parenthesis.

* (**) Significant at 5% (10%) in a two-tailed test.

@ Ljung-Box statistic, ® Breusch-Godfrey test, ¢ Breusch-Pagan
test, d Lagrange Multiplier ARCH test, ¢ Jarque-Bera test.

36



Table 6: Estimation of the constant term premium model for n=12 and m=6
with MA(5) and conditional heteroscedastic disturbance term.

F52(t) — Ro(t +6) = fo + B [F5 (1) — Rs(t)] + ee46(t)
Et+6(t) = e(t) + 1916(t — 1) + 192€(t — 2) Jr .+ ’1956(t — 5)
Et+6 (t) = a0 + a15t+6(t 1) + ago’ (t

1964-1985 1986-2000 1964- 2000
Bo -0.076% 0.035 -0.041%
(0.029) (0.019) (0.021)
B1 1.023% 1.028% 1.025%
(0.011) (0.034) (0.009)
91 0.996* 1.069% 0.987%
(0.014) (0.024) (0.007)
9 1.025% 1.055% 1.014%
(0.012) (0.024) (0.011)
I3 0.998% 0.955% 1.000%
(0.020) (0.025) (0.013)
N 0.958% 0.832% 0.962%
(0.014) (0.024) (0.011)
5 0.954% 0.766% 0.971%
(0.016) (0.022) (0.007)
o 0.0001% 0.0004% 0.0001%
(0.0001) (0.0001) (0.00005)
a; 0.776% 0.452% 0.776%
(0.032) (0.046) (0.025)
as 0.280% 0.494% 0.251%
(0.047) (0.077) (0.034)
R? 0.871 0.881 0.878

Notes: Standard Error in parenthesis.
* (**) Significant at 5% (10%) in a two-tailed test.

Table 7: Andrews and Andrews-Ploberger instability test for n=6 and m=3
(upper panel) and for n=12 and m=3 (lower panel).

FJ(t) — R3(t+3) = Bo + Bi[Fs(t) — Rs(t)] + ee43(t)

Andrews Andrews-Ploberger | Datebreak
Bo 7.150%* 0.867 1981:06
e 12.161% 2.223% 1981:01
o 3.404 0.722 1982:08
Joint 12.473% 2.902%* 1981:01
F52(t) = Ro(t +6) = Bo + A1 [F5- (1) — Re(D)] + o+6(t)
Andrews Andrews-Ploberger Datebreak
Bo 22.82% 6.874* 1981:04
B 12.61% 2.600* 1980:04
o’ﬁ 5.012 1.491%* 1982:09
Joint 23.56% 8.252% 1980:06

Notes: * (¥*) Significant at 5% (10%).
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Table 8: Parameter estimates of the three-month time-varying model (n=6 and
m=3) defined by eqgs.(18)-(21) for the period 1960-2000 and for the different

monetary regimes.

1960-1965 1966-1985 1986-2000 1960-2000
by 0.738% 0.740% 0.899% 0.747%
(0.272) (0.046) (0.039) (0.034)
o7 0.904% 0.928% 0.999% 0.908*
(0.047) (0.042) (0.006) (0.040)
o 0.070 0.012 -0.116 -0.003
(1.875) (3.170) (2.965) (1.360)
0, -0.118 0.055 -0.026 -0.091
(1.645) (2.652) (3.420) (1.480)
%y 0.00017 0.058* 0.0036* 0.027*
(0.0001) (0.005) (0.0004) (0.002)
o 0.150* 0.089 0.004 0.195%
(0.040) (0.055) (0.004) (0.076)
oZ* 4.04-10"3% | 2550-1071% | 2.36-10" 2.25-107 13
(6.73-107°) | (2.02-107%) | (6.80-107%) | (1.55-107%)
r 3.195 2.323 4.116 2.376
SD(Bg ) 0.064 0.303 0.094 0.223
Ry, 4 0.945 0.787 0.841 0.799

Table 9:

Notes: Standard Error in parenthesis.
* (**) Significant at 5% (10%) in a two-tailed test.

Diagnostic tests for the model defined by egs.(18)-(21) for the period

1960-2000 and for the different monetary regimes.

1960-1965 | 1966-1985 | 1986-2000 1960-2000

Q)" 25,157 112.4% 84.30% 218.3%

QR) 41,607 125.8% 90.73% 236.4%
B-G° 20.41% 128.1% 82.48* 242.2%
B-P° 1.302% 1.306 3.521 1.68%F
LM(1)? 8.240% 47.06% 29.108* 90.85*
LM(2) 8.810% 16.85% 33517 90.88%
LM (4) 7.701%% 63.03% 38.77% 121.4%
LM(3) 5.820 67.13% 40.11% 121.17
J— B° 1.038 1286* 6.102% 13946%

Notes: Standard Error in parenthesis.

* (**) Significant at 5% (10%) in a two-tailed test.
“ Ljung-Box statistic, b Breusch-Godfrey test, ¢ Breusch-Pagan
test, ¢ Lagrange Multiplier ARCH test, © Jarque-Bera test.
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Table 10: Parameter estimates of the three-month time-varying model (n=12
and m=6) defined by eqs.(18)-(21) for the period 1964-2000 and for the different

monetary regimes.

1964-1985 1986-2000 1964-2000
oy 0.856% 0.912% 0.870%
(0.032) (0.032) (0.024)
7 0.705% 0.780% 0.645%
(0.164) (0.142) (0.115)
o -0.009 0.501 -0.277
(1.398) (2.241) (4.194)
0, 0.426 0.449 0.152
(1.585) (4.194) (2.421)
02 0.270 0.208 0.380
(1.531) (4.194) (2.652)
03 0.259 0.537 0.288
(1.482) (3.424) (2.695)
04 -0.049 0.223 0.081
(1.875) (4.194) (2.097)
ooy 0.050* 0.006* 0.030%*
(0.005) (0.001) (0.003)
o3 0.088 0.032 0.126%
(0.055) (0.020) (0.046)

o2 3.36-10 % | 9.44.10" ™" | 2.48.10""°

(8.07-107%) | (3.52-107°) | (1.65-10%)
T 4.457 7.524 4.976

SD(B; ,) 77 77 77

R} 4 0.766 0.560 0.791

Notes: Standard Error in parenthesis.
* (*¥*) Significant at 5% (10%) in a two-tailed test.

Table 11: Diagnostic tests for the model defined by eqgs.(18)-(21) (n=12 and
m=6) for the period 1964-2000 and for the different monetary regimes.

1964-1985 1986-2000 1964-2000

Q) 175.9% 326.9% 184.8%

Q(®) 277.9% 352.5% 316.3%
B-G? 141.3* 131.4% 190.9%
B — P° 12.45% 6.052% 12.76%
LM(1)? 63.85% 83.42% 71.49%
LM (2) 70.29% 82.70% 71.70%
LM (4) 76.25% 86.04% 78.43%
LM(8) 87.32% 85.20% 116.2%
J — B° 462.4% 5.039%F 340.9%

Notes: Standard Error in parenthesis.

* (**) Significant at 5% (10%).

@ Ljung-Box statistic, ® Breusch-Godfrey test, ¢ Breusch-Pagan
test, d Lagrange Multiplier ARCH test, ¢ Jarque-Bera test.
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Table 12: Parameter estimates of the unrestricted and restricted time-varying
model (n=6 and m=3) defined by eqs.(18)-(21) for the period 1966-2000.

1966-2000 1966-2000
oy 0.745% 0.765%
(0.036) (0.032)
o5 0.916% -
(0.044) )
o 0.005 -0.004%
(2.652) (0.392)
01 -0.041 -0.021F
(2.965) (0.526)
ozy 0.032% 0.039*
(0.002) (0.003)
2% 0.166* -
(0.082) )
o2 2.55-1071° | 2.48-10 13
(1.23-107%) | (1.26-107%)
LRT - 21.676*
(0.000)

Notes: Standard Error in parenthesis.

* (**) Significant at 5% (10%) in a two
-tailed test. T likelihood ratio test for the
null ¢7 = o2} = 0.
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Table 13: Parameter estimates of the unrestricted and restricted time-varying
model (n=12 and m=6) defined by eqs.(18)-(21) for the period 1986-2000.

1986-2000 1986-2000
Py 0.912% 0.908%
(0.032) (0.032)
&5 0.780% -
(0.142) )
o 0.501 0.363
(2.241) (0.667)
0, 0.449 0.591
(4.194) (0.655)
0> 0.208 0.647
(4.194) (0.655)
03 0.537 0.454
(3.424) (0.680)
04 0.223 0.316
(4.194) (0.651)
a2y 0.006* 0.007*
(0.001) (0.001)
oo 0.032 -
(0.020) (=)
aZ* 9.44-10" 11 2.75-10" 13
(3.52-107%) | (8.15-10719)
LR - 1.960
(0.375)

* (¥*) Significant at 5% (10%) in a two
-tailed test. T likelihood ratio test for the
null ¢ = 025 = 0.

Table 14: Relative frequency with which the factors that invalidate the EHTS
become statistically relevant (n=6 and m=3).

1960-1965 1966-1985 1986-2000 1960-2000
TVTPT 0% 27.3% 12.5% 17.7%
IRR*NTVTP 0% 7.6% 0% 3.7%
EHTS 100% 65.1% 87.5% 78.6%
Notes: | Time-varying term premium, ¥ Departure from rational
expectations.

Table 15: Relative frequency with which the factors that invalidate the EHTS
become statistically relevant (n=12 and m=6).

1966-1985 1986-2000 1966-2000
TVTPT 57.5% 37.9% 47.2%
IRR* NTVTP 2.08% 0% 1.15%
EHTS 40.4% 62.1% 51.8%
Notes: | Time-varying term premium, ¥ Departure from rational

expectations.
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