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his article considers the degree of

international bond market integra-

tion using daily data over a sample

period from 1994 to 2006 for the
U.S., German, Japanese, UK., Swiss and
Canadian sovereign bond markets. Using
modern cointegration techniques, the analysis
demonstrates that these bond markets appear
to share a common trend that is subject to
structural change.

Interest in market integration issues has
until recently focused upon equity market
comovements. Hence, while a substantial lit-
erature has developed analyzing equity market
integration, very few studies have considered
the possibility of bond market cointegration,
The few exceptions to this are the studies by
Clare et al. [1995]; Smith [2002], and Yang
[2005]. This article adds to this small litera-

ture by highlighting the importance of

allowing for structural change using a data set
sampled on a daily basis.

Exhibit 1 plots the respective bond index
histories for the markets considered in the
analysis. The index data exhibit an upward
trend through time and are clearly non-
stationary, a feature that is formally tested later.
One other interesting characteristic is that sev-
eral series appear to experience sudden breaks
through the sample period. Indeed daily price
changes of 2% are common throughout the
sample period considered here. Exhibit 1 also
demonstrates that individual

markets are

capable of behavior that deviates from that of
the aggregate market as a whole. For example
the U.S. market appears to under-perform for
the early 1990s while the Japanese market out-
perfoms until 2001. The U.K. market is seen
to closely follow the aggregate market until
2001 but since then has experienced a period
of relative underperformance.

Exhibit 1 demonstrates that while all six
markets are clearly trending upwards, it is also
the case that individual markets exhibit varying
degrees of idiosyncratic behavior for certain
subperiods in the data history. The purpose of
this article 1s to assess the importance of
allowing for structural change through time
in the central long run equilibrium.

MOTIVATION

The issue of market integration using
cointegration techniques has a long history in
the equity market literature. Studies such as
Kasa [1992]; Corhay et al. [1993]; Richards
[1995]; Blackman, Holden, and Thomas
[1994]; Masih and Masih [2002]; Li [2006],
and Davies [2006] all report results that assess
market integration issues using cointegration
techniques. It is perhaps surprising then to find
that relatively little work has been done to
address the issue of market integration across
international bond markets. One of the ear-
liest attempts to examine bond market cointe-
gration was Clare et al. [1995] who highlighted
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ExHiBIT 1
MSCI Bond Indices January 1994 to August 2006
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the need to consider the long run comovement of mar-
kets in assessing the degree of bond market integration.
They considered a long run equilibrium across bond mar-
kets for the U.S., UK., German and Japanese markets
using Salomon Brothers total return bond index data from
January 1978 to April 1990 at a monthly frequency. Using
an Engle Granger two step approach, they find no evi-
dence in favor of bond market integration over the 1980s
and conclude that the benefits of international bond market
diversification were significant over that period.

More recently Smith [2002] highlighted the fact that
the presence of cointegration across markets violates tradi-
tional market efficiency arguments since cointegration implies
some measure of market return predictability. In effect, coin-
tegration implies that information from one bond market
can be used to predict the future direction of another market.
Smith also used Salomon bond index data and, in addition
to the markets considered by Clare et al. [1995], used bond
index data for Canada and France. Using the more advanced
Johansen [1988] system-based cointegration technique, Smith
employed a monthly data history from February 1985
through to March 1999. Results indicate that for the six
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markets analysed there are three significant vectors, thereby
confirming the presence of cointegration. Smith concluded
that there is strong evidence in favor of bond market inte-
gration over the late 1980s and 1990s.

Finally, Yang [2005] considered the European expe-
rience over 1988 to 2003 using JP Morgan bond index
data, again, on a monthly basis. The analysis adopted the
Johansen and Juselius [1992] recursive estimation approach
for Germany, France, Italy, the UK., Belgium and the
Netherlands. Yang contradicted the findings of Smith [2002]
but supported those of Clare et al. [1995] by confirming
the absence of cointegration across those six markets. Yang
attributed the lack of a common trend across these mar-
kets by suggesting the existence of barriers to entry to inter-
national bond markets such as differing maturity structures,
or perhaps insufficient macroeconomic policy co-ordina-
tion during the sample period. Yang therefore concluded
that substantial long run diversification possibilities existed
across the six markets analysed up to 2003.

With previous work in mind, this article extends the
existing literature by using recently developed non-linear
cointegration techniques to a daily bond data set that covers
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the last 12 years. Recently, interest in non-linear cointegra-
tion has been sparked by articles such as Breitung and
Gourieroux [1997]; Breitung [2001], and Gabriel, Sola, and
Psaradakis [2002]. Using equity index data, Li [2006] employs
cointegration rank tests developed by Breitung [2001] to test
for cointegration across equity markets for Australia, Japan,
New Zealand, the UK., and U.S. Considerable evidence is
found in favor of market integration conditional upon a non-
linear cointegrating long run relation.

Gabriel, Sola and Psaradakis [2002], in a related
equity market application, show that regime switching
cointegration is relatively simple to apply using techniques
introduced by Dempster, Laird, and Rubin [1977], and
extended by Hamilton [1990]. Davies [2006] applies those
techniques to an equity index data set to find consider-
able support in favor of equity market integration condi-
tional upon occasional structural change. The purpose of
this article is to adopt a similar approach to determine the
extent of bond market integration using data observed at
a daily frequency over a 12 year period.

METHODOLOGY

The analysis begins by employing the widely used
Engle Granger [1987] two stage technique to test for bond
market cointegration. For the application considered here,
the first step involves an ordinary least squares (OLS)
regression of the log transformation of the level of the
bond market index against either the aggregate world
index or the five alternate markets analysed in the study.
Hence for the U.S,, in the case of the parsimonious spec-
ification, the first step involves estimating the following
relation by ordinary least squares (OLS):

log US Index, = a + B+log World ex US Index, + g, (1)

For the more general specification the first step in the
analysis involves estimating the following relation:

log US Index, = a + B, * log German Index,
+ B, - log Japanese Index,
+ B, * log UK Index, (2)
+ B, * log Swiss Index,
+ B; - log Canadian Index, + u,

Testing for cointegration across the levels series involves
performing an augmented Dickey-Fuller (ADF) test on
the residuals &, obtained from Equation (1) or (2) as in:
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Af =, fo  + D0 At +d+dt+w, (

L

)

If the null hypothesis H: ¢4, = 0 is rejected in favor of
the alternative H,: ¢, < 0 then the residual series contain
a unit root and are therefore stationary I(0) The levels
series are then cointegrated with cointegrating coeffi-
cients & and 3.

Having obtained stationary residuals series g, , the
second step involves estimating a further regression of the
first difference transformations of the bond index series,
including the lagged cointegrating relation represented
by f, , as in:

Alog US Index, = vy * A log US Index, ,
+ 8 - Alog World ex US Index,
faed,, te )

The size of the coefficient 7 on the estimated residual
term £L,_, obtained from Equation (4) represents the speed
of adjustment back towards equilibrium. Furthermore, a
negative 7 coefficient implies that any deviation away
from the long run equilibrium can be expected to be
reversed over time.

The problems associated with the Engle Granger
[1987] approach are well known, in particular the diffi-
culties associated with making valid inferences in the first
step of the procedure if the levels series are indeed non-
stationary. The purpose of this analysis is to highlight a
further problem in that the analysis assumes a single rela-
tion to hold over the long run. As already mentioned,
financial data are subject to abrupt structural change over
time and this seems particularly to be the case with the
bond index data considered here. In order to address this
issue [ propose employing a regime switching approach
introduced by Gabriel, Sola, and Psaradakis [2002] that
allows for periodic structural change in the long run equi-
librium. The approach adopts the Markov-switching esti-
mator developed by Hamilton [1990] and assumes that
the regime generating process is governed by an unob-
servable latent variable s, such that the long run equilib-
rium can be expressed as:

log U.S. Index,
{al + B, - log World ex US, + u,

®)
a, + B, -logWorld ex US, + u,
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Hence, in the case of the Markov-switching estimator,
the residuals forming the error correction term in Equa-
tion (4) are computed as:

b, = {y, - [(é:I + [AEI -log World ex US, ) -

(
+(&, + B, -logWorld ex U.S. )-(Pr(S, = 2| )]}

Pr(S, =1|I.))
| (6)
=2

where Pr(S, = i|l) denotes the probability for regime i
given information available at time . The estimator employs
the expectations maximisation (EM) algorithm developed
by Dempster, Laird, and Rubin [1978] by recursively esti-
mating the probability of each regime in each time period.
With estimated regime probabilities in place, the o, and B,
coefticients are then estimated from those observations
deemed to apply for each regime. With new estimated
coefficients a new set of regime probabilities are obtained
with the algorithm repeating itself until convergence. The
appendix provides a more detailed explanation of the EM
algorithm as applied to regime switching estimation.

DATA

The data used in this article are taken from MSCI
total return bond index data archive and relate to a basket
of bonds derived from each market of maturities ranging
from 1 to 30 years. Returns are converted into U.S. §

returns in an attempt to assess the merits of international
bond index diversification from a U.S. § perspective. In
contrast to the existing literature, data are observed on a
daily basis beginning in January 1994 and ending in August
2006 to give some 3300 daily observations. The analysis
covers the ULS., German, Japanese, UK., Swiss and Cana-
dian bond markets and therefore considers bond market
integration across the major developed fixed income mar-
kets. As previously mentioned, I consider market inte-
gration in both a parsimonious and general sense, and
MSCI data are well suited for this purpose since World
index data are constructed excluding a particular market’s
bonds. Hence, in the parsimonious specification the U.S.
market is modeled as a function of the aggregate World
index less the U.S. bond universe.

RESULTS

Exhibit 2 begins the analysis by reporting a set of
ADF statistics for each of the bond index series used in
the subsequent analysis. Evidently each index series is
non-stationary I(1), but upon a first transformation
becomes 1(0) stationary. This result applies regardless of
whether a deterministic trend is included within the ADF
test specification detailed in Equation (3).

The analysis continues in Exhibits 3 and 4 by con-
sidering the parsimonious Engle Granger specification as

EXHIBIT 2
Bond Index ADF Tests

Level First Difference
Constant Trend Constant Trend
U.S. -0.787  -1.771 -55477" -55.474"
Germany -1.209  -0.769 -55.769"  -55.780""
Japan 2439 -0.071 -54.446"° -54.537""
UK. -0.801  -1.127 -56.077" -56.073"
Switzerland -0.802  -1.180 -46.166" -46.166"
Canada -0.652  -1.609 -52.889"  -52.884"

Statistical significance is highlighted in bold and is denoted by * and ** at the 5% and 1% levels respectively.
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presented in Equations (1) and (4). Exhibit 2 tests for sta-
tionarity of the residual term obtained from Equation (1).
With the exception of the UK., all residual series are I(1)
leading to a rejection of the null hypothesis that the indi-
vidual market and the respective world index are cointe-
grated and move with a common trend.

The problem here lies in the issues raised by Gre-
gory and Hansen [1996] and Gabriel, Sola, and Psaradakis
[2002]. Both articles argue that unit root tests of this sort
exhibit a tendency to under reject the null hypothesis of
an absence of cointegration with series that are subject to
structural breaks. One solution to this problem then is to
model those structural breaks explicitly and then use con-
ventional unit root tests to test for cointegration upon
the resultant residual time series. This article achieves that
later by employing a Markov-switching estimator to
replace the first step in the Engle Granger approach.

Exhibit 4 continues with OLS coefficient estimates
from the Engle Granger two step procedure. While the
aggregate World index appears to enter significantly for
several markets, the explanatory power of the error cor-
rection equilibrium relation is mixed. The error correction
term enters significantly for Canada, Switzerland and the
U.K. However, statistical significance is marginal for the
largest U.S., German and Japanese markets. Indeed, for
Japan the long run equilibrium as proxied by the error cor-
rection term actually enters positively, implying that devi-
ations from equilibrium can be expected to persist
indefinitely through time. Overall explanatory power as
reported in R” statistics is mixed with only the Swiss
specification being of reasonable significance.

The contrast of the Engle Granger single regime
results with those obtained from the two regime Markov-
switching results is marked. Exhibit 5 shows that allowing
for periodic structural change within the long run equi-
librium, where residuals are obtained from Equations (5)
and (6), yields stationary residual series for all six markets.
Exhibit 6 further demonstrates that every error correction
term enters significantly with a consequent increase in
overall explanatory power for every market analyzed in
this article. Of particular note are the significant estimated
long run equilibria for the largest markets.

In particular, the Japanese error correction term
now enters with a significantly negative coefficient
implying that deviations from equilibrium are now
expected to to correct over the longer term.

Overall, the parsimonious specification highlights
the need to allow for periodic structural change within
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the long run equilibrium. This is found to be particularly
important for the largest markets. Furthermore, while a
single regime treatment appears to adequately capture the
long run equilibrium for smaller markets, it 1s also clear
that allowing for a two regime treatment increases explana-
tory power for every market considered here.

The analysis is now extended to the more general
specification where each market is modeled as a function
of the other five markets, as in Equation (2). Exhibit 7 gives
ADF test statistics for the residuals obtained from the
Engle Granger procedure from Equation (2). With the
exception of the U.S. market, all the residual series
obtained from the richer general specification appear to
be stationary at the 1% level of significance. Exhibit 8
continues with the OLS coefficient estimates from the
second step in the Engle Granger procedure as in Equa-
tion (4). Here the residuals entering as the error correc-
tion term (ECT) are significant for every market except
Japan and the U.S. For Japan, as in the parsimonious
analysis, the long run ECT enters positively, implying that
deviations from equilibrium can be expected to persist
indefinitely. Exhibits 7 and 8 demonstrate that the general
specification appears to provide some support in favour of
a single regime common long run trend within interna-
tional bond markets. This conclusion cannot, however, be
said to hold for the Japanese markets.

As in the parsimonious analysis, I continue by
allowing for a two regime Markov-switching specification
in modeling the central long run equilibrium. Exhibit 9
provides ADF test statistics for the general Markov-
switching equilibrium where residuals are derived from

EXHIBIT 3
Engle Granger OLS Residuals, ADF Tests

Constant Trend
U.S. -1.787 -1.865
Germany -2.021 -2.073
Japan -2.344 -2.442
UK. -4.992"  -4.988"
Switzerland ~ -2.461 -2.528
Canada -2.708 -2.731

THE JOURNAL OF FIXED INCOME 73



EXHIBIT 4
Engle Granger Coefficient Estimates

A Log A Log Error R?  Durbin

Local World  Correction Watson
Index,-; Index,.; Term,,

A Log U.S. Index, 0.027 0.058 -0.004  -0.003  1.999
[1.251] [1.534]  [1.930]

A Log Germany Index, -0.071"  0.267"  -0.0100  0.031  2.021
[3.205] [10.755]  [2.178]

A Ln Japan Index, 0.050 0.133 0.001 0.008  1.999
[1.825] [7.583]  [0.626]

A Log UK. Index, -0.094" 03717 -0.0117  0.017  2.009
[3.097]  [6.704]  [2.868]

A Log Swiss Index, 0.079" 0307 -0.008" 0089 2017
[2.759] [10.811]  [2.373]

A Log Canada Index, 0.031 0.157"  -0.009" 0.005  2.001
[0.813]  [2.875]  [2.445]

equations (5) and (6). In every case a stationary residual
series is obtained at a 1 % level of significance.

Exhibit 10 provides OLS coefficient estimates for the
first difference estimation step where the ECT is derived
as the Markov-switching residuals from Equation (5).
A comparison of the coefficient estimates across Exhibits 8
and 10 shows that the Markov-switching residuals now
enter with a negative coefficient for every market including
Japan. Furthermore, explanatory power is improved in
every market, except Switzerland, by allowing for a long
run equilibrium that is allowed to switch periodically across
two different states.

As a final diagnostic check regarding the Markov-
switching approach adopted here, Exhibit 11 provides details
regarding the characteristics of the regimes themselves for
the general system. The motivation here is to recognise
that the regimes appear to be relatively persistent through
time. This is important since the Markov-switching
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EXHIBIT 5
Markov Switching Residualsm ADF Tests

Constant Trend
U.s. -3.669" -3.667"
Germany -4.085"  -4.848"
Japan -4.992"  -4.998"
UK. -6.011" -5.980"
Switzerland  -5.085"  -5.086""
Canada -5.3607  -5.359”
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EXHIBIT 6
Markov Switching Coefficient Estimates

A Log A Log Error R>  Durbin
Local World  Correction Watson
Index, ; Index, ; Term,
A Log U.S. Index, 0.035 0.065 -0.018** 0.002 1.999

[1.629] [1.737]  [4.086]
A Log Germany Index,  -0.067" 0.267  -0.028" 0.034 2.021
[3.013] [10.781]  [3.829]

A Log Japan Index, 0.0577 01317 -0.014" 0.013 1.998
[2.081]  [7.431]  [3.258]

A Log UK. Index, -0.079" 0365  -0.044" 0.025 2.006
[2.657] [6.654]  [5.367]

A Log Swiss Index, 0.080" 03077  -0.012° 0.089 2.017

[2.805] [10.782]  [2.028]
A Log Canada Index, 0.047  0.146"  -0.041  0.014 2.001
[1.251] [2.699]  [5.849]

approach has been used to identify two alternative equi-
libria. Persistence is therefore a desirable property for any ExHIBIT 7

long run equilibrium since its absence would indicate an General Specification: Engle Granger Residuals
ol r

unstable long run equilibrium relation. Exhibit 10 shows ADF Tests
that regime persistence is a characteristic of the bond mar-
kets data analyzed here. Constant Trend
The first two columns in Exhibit 11 give the tran- |
sition matrix from one regime to another. Column 3 gives U.S. -3.235" -3.251

the overall probability of observing a specific regime and
column 4 gives the average regime duration. Hence for

Germany -4.430"  -4.413"

the U.S. the probability of moving from regime 1 to 2 is Japan -4.603" -4.648" |
0.002 while the overall probability of being in regime 1 !
is roughly one third. The average duration of regime 1 is U.K. -4.117" -4.083"

454 days. Overall the probability of moving from one . " .
regime to another is low and the average regime duration Switzerland  -5.393 -5.390

is at least 80 days. Typical regime durations are around Canada -4.585"" -4.585""
200 to 300 days or roughly one year.
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EXHIBIT 9

General Specification: Markov Switching Residuals,
ADF Tests

Constant Trend
U.S. -5215"  -5.223"
Germany -9.242" -9.235"
Japan -8.013°  -8.105"
UK. -7.256"  -7.255"
Switzerland  -10.005"  -10.003"
Canada -7.834"  -7.833"

Finally, Exhibit 12 plots the first regime probability
through time. An interesting finding, and one that encour-
ages future research, is the fact that regime 1 appears to

apply for the early part of the data history whereas regime
2 appears to apply during the latter period. Since this
result appears to be relatively uniform across all six mar-
kets, an interesting avenue for future research will be to
search for a common factor explaining the regime gen-
eration process itself. Possible candidate variables might
include inflation expectations or perhaps financial market
volatility.

CONCLUSION

This article has considered the extent of bond market
integration over the past 12 years on a daily basis using
bond index data series that are widely used by the pro-
fessional investment community. The analysis adds to the
relatively sparse literature in this area by suggesting a long
run equilibrium that is subject to occasional structural
change. While a single regime treatment yields mixed
results regarding bond market integration, a regime
switching treatment provides compelling evidence in favor
of a common bond market trend.

EXHIBIT 10

General Specification: Markov Switching Coefficient Estimates

AUS.,.-; A Ger,-y A Jap,.; AUK.;.; A Swis,-; A Can,., ECT,, R?  Durbin W
P

AUS.,  0.009 0.065 0.001 0.009 -0.039 0.022  -0.013°  0.001 1.999
[0.298]  [1.378]  [0.044]  [0.405]  [-1.082]  [0.710]  [-4.054]

A Ger, 01457  -0.074  0.059" 0.003 -0.022 0.037  -0.037" 0.041  2.022
[6.571]  [-2.150]  [3.424]  [0.196]  [-0.834]  [1.796] [-4.277)

A Jap, 0.082"  0.087" 0.055 -0.016 -0.004 -0.014 -0.005 0.010  2.000
[3.875]  [2.609]  [1.953] [-0.855] [-0.152]  [-0.626] [-1.337]

AUK., 0.199" -0.044 0.060 -0.029 -0.069 0.041  -0.024" 0.034 2018
[5.295]  [-0.704] [1.826] [-0.841] [-1.484]  [1.082]  [-4.655]

A Swis, 0.110" 0.059 0.033 0.009 0.100 0.048" -0.010  0.099 2018
[5.648]  [1.937]  [1.933]  [0.550]  [3.299] [2.403]  [-1.715]

A Can,  0.024 0.046 0.038 0.017 -0.031 0.059  -0.028" 0.009  2.002
[0.601]  [0.908]  [1.477] [0.637]  [-0.760]  [1.306] [-4.925]
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ExHIBIT 11

Regime Characteristics

Regl Reg2 Prob Duration
U.S Regl 0.998 0.002 0.321 45&037
Reg2 0.001 0.999 0.679 961.540
Germany Régl 0.992  0.008 6.342 132.140 |
Reg2 0.004 0.996 0.658 254.120
Japan chi 0.989 0.011 0.371  89.060
Reg2 0.007 0.993 0.629 151.030
UK. Regl 0.997 0.003 0.392 _ 323.990
Reg2 0.002 0998 0.608 503.190
Swiss Regl 0.992 0.008 0.603 1 éS.él 07
Reg2 0.012 0988 0.397 82.970
Eanada Regl (7).9-96 0.004 0418 23(-).2407
Reg2 0.003 0.997 0.582 320.380
ExHIBIT 12
U.s. o | o Germany | proioed
0.5
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

filtered  —= smoothed
predicted

0 500 1000 1500 2000 2500
— filtered  —— smoothed
Switzerland predicted

1.0

0.5 |

0 500 1000 1500 2000 2500

3000

3000

filtered === smoothed
predicted

0 500 1000 1500 2000 2500 3000

filtered = smoothed |

Canada predicted

i

0 500 1000 1500 2000 2500 3000
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APPENDIX
The EM Algorithm

Initially consider the following two regime lagged
relation:

toto, X, TE if 5, =1

B ¢||,.'£ +¢l.2 M +£r ’f § = 2 (7)

or:
Y= T b, x, T g (8)

Assuming that the &, are normally distributed, the density of y,
conditional on the state 5, and history £} _, is given by:

. , 1 -(y,—#x)’
flyls, =19, :0)= N exp 2 )

2o 20°

where x, = (1, x,_))", &, = (¢, , ¢, ;) forj =1, 2 and
el (] 1] 2 - e v . . R
6-— (. b5, Piys P @ ) with p,, as the transition probability
of remaining in regime 1.
Next consider the forecast, inference and smoothed
regime probability vectors:

Forecast: €, ,, =P-€, (10)
I f, é él\l—|®-,; 11
nferepce; 8., = s ————r
V6, ®)) o
Smoothed: €, =€ ®(PE,,, +¢E,,) (12)

where for example & is the 2 X 1 vector containing the
smoothed conditional regime probabilities as:

Ly ! P(s, =1|£},:6)
" ps =20, ;6)

m

(13)

and P is the matrix of regime transition probabilities.
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~ Estimation begins with some initial guess of 6, call it
0"and € . Using the inference regime probabilities from
,y and can then obtain ém from the
forecast regime probabilities from Equation (10). Repeating
this routine we obtain forecast and inference regime probabil-
ities for all t up to n.

Equation (11) we obtain £

Next, using the final £, from Eqation(11) we can obtain

€.-11n from the smoothed regime probability in Equation (12).

This is then repeated backwards for all t from n—1 to 1.
Armed with the smoothed regime probabilities from

Equation (12) for all t denoted P(s, = j| ) :6) we can use the

v e e age s (0) & () : (0)
initial transition probabilities p;, from 8" to obtain p | from:

2 P(s=j,s,_=i| Q";l})
3 P(s, =i]Q,;0)

2

P, = (14)

Finally new autoregressive coefficients and residual vari-
ance are obtained from:

B = [)jw,(,f)a;(.f)') ' ](2\u<i>%<-ﬂ] (15)

" N

(y,~Bx) Ps=i|Q,:6)  (16)

with:

7,() =y, P(s=j19,:6) (17)

x,(j)=x, \/ P(s=j|, H) (18)

Overall we obtain a new set of coefficient estimates
§". The algorithm continues until we obtain a set of coeffi-
cient estimates that change by less than some pre-specified mag-
nitude from the previous recursion of the algorithm,
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