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We consider testing for multiple structural changes in cointegrated systems and derive the limiting dis-
tribution of the sup-Wald test under mild conditions on the errors and regressors for a variety of testing
problems. We show that even if the coefficients of the integrated regressors are held fixed but the intercept
is allowed to change, the limit distributions are not the same as would prevail in a stationary framework.
We also propose a sequential procedure that permits consistent estimation of the number of breaks present.
We show via simulations that our tests maintain the correct size in finite samples and are much more pow-
erful than the commonly used LM tests, which suffer from important problems of nonmonotonic power

in the presence of serial correlation in the errors.
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1. INTRODUCTION

Issues related to structural change have received considerable
attention in the statistics and econometrics literature. Andrews
(1993) and Andrews and Ploberger (1994) provided a compre-
hensive treatment of the problem of testing for structural change
assuming that the change point is unknown. Bai (1997) studied
the least squares estimation of a single change point in regres-
sions involving stationary and/or trending regressors, and de-
rived the consistency, rate of convergence, and limiting distri-
bution of the change point estimator under general conditions
on the regressors and the errors. Perron and Zhu (2005) ana-
lyzed the properties of parameter estimates in models in which
the trend function exhibits a slope change at an unknown date
and the errors can either be stationary, /(0), or have a unit root,
I(1), where here and throughout the article we refer to an 7(0)
process as one whose partial sums satisfies a functional cen-
tral limit theorem with a Brownian motion as the limit random
variable, and /(1) is the partial sum of an /(0) series.

With integrated variables, the case of interest is when the
variables are cointegrated. Accounting for parameter shifts is
crucial in cointegration analysis, which normally involves long
spans of data, which are more likely to be affected by structural
breaks. Bai, Lumsdaine, and Stock (1998) considered a single
break in a multiequation system. They showed consistency of
the maximum likelihood estimates and obtained a limit distri-
bution of the break date estimate under a shrinking shifts sce-
nario. Kejriwal and Perron (2008b) studied the properties of the
estimates of the break dates and parameters in a linear regres-
sion with multiple structural changes involving I(1), 1(0), and
trending regressors.

With respect to testing, Hansen (1992b) developed tests of
the null hypothesis of no change in cointegrated models in
which all coefficients are allowed to change. An extension
to partial changes was analyzed by Kuo (1998), who consid-
ered the Sup and Mean LM tests directed against an alter-
native of a one-time change in parameters. Hao (1996) also

suggested using the exponential LM test. Seo (1998) consid-
ered the sup, mean, and exp versions of the LM test within
a cointegrated VAR setup; however, these test procedures are
based on the fully modified estimation method (Phillips and
Hansen 1990), which has been shown to lead to tests with very
poor finite-sample properties (Carrion-i-Silvestre and Sansé-i-
Rossell6 2006). The results of Quintos and Phillips (1993) also
suggest that the LM tests are likely to suffer from the problem
of low power in finite samples. Moreover, simulation experi-
ments of Hansen (2000) have shown that the LM test behaves
quite poorly in the presence of structural changes in the mar-
ginal distribution of the regressors, whereas the sup-Wald test
is reasonably robust to such shifts. Hansen (2003) considered
multiple structural changes in a cointegrated system, although
his analysis was restricted to the case of known break dates. Fi-
nally, Qu (2007) proposed a procedure to detect whether coin-
tegration is present when the cointegrating vector changes at
some unknown date, possibly multiple dates.

The literature on testing for multiple structural changes is rel-
atively sparse but is practically important, because single-break
tests can suffer from nonmonotonic power when the alternative
involves more than one break. As stressed by Perron (2006),
most tests may exhibit nonmonotonic power functions if the
number of breaks present is greater than the number explic-
itly accounted for in the construction of the tests. The aim of
the present work is to provide a comprehensive treatment of is-
sues related to testing for multiple structural changes occurring
on unknown dates in cointegrated regression models. Our work
builds on that of Bai and Perron (1998), who studied a similar
treatment in a stationary context. Our framework is sufficiently
general to allow both /(0) and /(1) variables in the regression.
The assumptions about the distribution of the error processes
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are sufficiently mild to allow for general forms of serial cor-
relation. Moreover, we analyze both pure and partial structural
change models. A partial change model is useful in allowing po-
tential savings in degrees of freedom, a particularly relevant is-
sue for multiple changes. It is also important in empirical work,
because it helps isolate the variables responsible for the fail-
ure of the null hypothesis. We derive the limiting distribution
of the sup-Wald test under the null hypothesis of no structural
change against the alternative hypothesis of a given number of
cointegrating regimes. We also consider the double-maximum
tests proposed by Bai and Perron (1998). We provide critical
values for a wide variety of models that are relevant in prac-
tice. Finally, our simulation experiments show that with seri-
ally correlated errors, the commonly used sup, mean, and exp-
LM tests suffer from nonmonotonic power problems. This is
true for cases with a single break as well as those with multi-
ple breaks. We propose a modified sup Wald test that exhibits
a power function that is monotonic with respect to the magni-
tude of the break(s) while maintaining reasonable size proper-
ties.

The article is organized as follows. Section 2 presents the
model and assumptions. Section 3 describes the testing prob-
lems and the test statistics used. Section 4 presents our theo-
retical results regarding the limit distributions of the tests for
a wide variety of cases. This is first done for models involv-
ing nontrending regressors, no serial correlation in the errors,
and exogenous regressors. These restrictions are relaxed in Sec-
tions 4.2, 5.1, and 5.2, respectively. Asymptotic critical values
are presented in Section 4.3. Section 6 presents simulation ex-
periments that address issues related to the size and power of
the tests, including a comparison with the often used LM tests.
Section 7 provides some concluding remarks. The Appendix
presents technical derivations.

2. THE MODEL AND ASSUMPTIONS

Consider the following linear regression model with m
breaks (m 4 1 regimes):

Ye=¢j+ Z}z‘sf + Z;n&?j + X}tﬁf + X;nﬁbj +uy
(=T +1,....T) ()

forj=1,...,m+1,where To =0, T},+-1 =T, and T is the sam-
ple size. In this model, y; is a scalar-dependent /(1) variable, Xz
(pr x 1) and xp; (pp x 1) are vectors of 1(0) variables, whereas
zp (qr x 1) and zp, (gp x 1) are vectors of I(1) variables de-
fined by z; =77 ;1 —i—u’;, Zpr =Zp—1 + uf,, X =y + ufg, and
Xpr = Mp + uf,, where for simplicity, zg and z,( are assumed to
be either O, (1) random variables or fixed finite constants. For
ease of reference, the subscript b on the error term represents
“break” and the subscript f represents “fixed” (across regimes).
The break points (71, ..., Ty,) are treated as unknown. This is
a partial structural change model in which the coefficients of
only a subset of the regressors are subject to change. When
pr = qr =0, we have a pure structural change model with all
coefficients allowed to change across regimes. It will be useful
to express (1) in matrix form as

Y =Ga+Wy+U,
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where Y = (y1,....y7), G = (Zs, Xp), Zr = (%1, ..., 217)’,
Xf = (Xf]’ AR XfT)’? U = (’/ll 9 MT)/’ W = (wl LA WT)/’
wi = (Lz,.%,)", ¥ = . By 8yt B @ =

(87, By)' and W is the matrix which diagonally partitions W at
the m-partition (71, ..., T),), thatis, W= diag(W1, ..., Wui1)
with W; = (Wr,_ 41, ...,wp) fori=1,...,m+ 1. Kejriwal
and Perron (2008b) analyzed the properties of the estimates of
the break dates and the other parameters of the model under
general conditions on the regressors and the errors. In this arti-
cle, our interest lies in testing the null hypothesis of no struc-
tural change versus the alternative hypothesis of m changes as
specified by the model (1). Thus the data-generating process is
assumed to be given by (1) with p, = ¢q, =0.

As a matter of notation, “2 > denotes convergence in prob-
ability, “—d>” denotes convergence in distribution, and “=" de-
notes weak convergence in the space D[0, 1] under the Skoro-
hod metric. In addition, x; = (xj’ct, X)) Uy = (ufé, uf?;)’ Lz =
(z} Zy) s = (p,}, w,),and A = {A1, ..., A} is the vector of
break fractions defined by A; =T;/T fori=1, ..., m. We make
the following assumptions on &, = (u, u’;;, UZ , uf(;, ui’t’)’, a vec-
tor of dimension n = qr + pr +gp +pp + 1.

Assumption Al. The vector &, satisfies the following mul-
tivariate functional central limit theorem (FCLT): T-!/2 x
Y e, = B(r), with B(r) = (B, (), BL(r), Bo(r), BL(r),
Bf (r)")’ is a n vector Brownian motion with symmetric covari-
ance matrix

2 @ e 9 @
o, e of of o |qg
o=, of e X o |4

o ef o ol e |p

x1
bf bf
e, @l e el e%)p
= lim T 'ES7S;) =T + A+ A/,
T—o0

where S7 = YL £, % = lim7— oo 7' Ek), and
A =limy_ oo T! jT:_ll ZtT;{ E(§£},)). We also assume o>
0 and plimy_ oo T~} ZZTZIM% = limy_ oo 77! ZITZIE[M,Z] =

2
or.

Assumption A2. The vector {X.u;} satisfies assumption A4
of Qu and Perron (2007), so that 7~!/2 ZLZ] (llfg,llf,)ut =
o Q*2Wi(r), where Wi(r) = (Wi, (r), Wi, () is a (pr +
pp) vector of independent Wiener processes, and

Q"
Q' =[ e b }
QU Q¥

Assumption A3. For all ¢t and s, (a) E(uguzy) = 0,
(b) E(uyusus) =0, and (¢) E(uyumly) = 0.

Assumption A4. The matrix

(a7 o)
py
of off

is positive definite.
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Assumptwn AS. T™ lztmx X, 2 sQ and T~ ZET: uy

uxt L sQ*, uniformly in s € [0, 1], for some positive definite
matrices Q and Q*.

Assumption Al requires that the errors satisfy a multivariate
FCLT. The conditions required for this to hold are very gen-
eral (see, e.g., Davidson 1994). It can be shown to apply to a
large class of linear processes, including those generated by all
stationary and invertible ARMA models. Assumption A2 guar-
antees that an FCLT also holds for the sequence {uyu;}. As-
sumption A3 restricts somewhat the class of models applicable
but is quite mild. Sufficient conditions for it to hold are for (a),
that the /(0) regressors are uncorrelated with the errors contem-
poraneously even conditional on the /(1) variables; for (b), that
the autocovariance structure of the /(0) regressors be indepen-
dent of the errors; and similarly for (c), that the autocovariance
structure of the errors be independent of the /(0) regressors.
This assumption is needed to guarantee that W} (-) and B(-) are
uncorrelated and, being Gaussian, are thus independent. With-
out this condition, the analysis would be much more complex.
Assumption A4 rules out cointegration among the /(1) regres-
sors. Assumption AS is standard for 7(0) regressors but rules
out trending regressors, which we relax in Section 4.2.

Under the alternative hypothesis, the estimates of the para-
meters are obtained by minimizing the global sum of squared
residuals. For each m-partition (11, ..., T,), denoted by {7},
the associated least squares estimates of o and yare obtained
by minimizing

m+1 T;
SSRr(T1. ... Tw) =) ) [v—ci—2d
i=1 t=Tj_1+1

2
- X}rﬂf — 2,86 — X Bpi] " (2)

Let «({7;}) and p({7}}) be the resulting estimates. Substitut-
ing these into the objective function and denoting the resulting
sum of squared residuals as St(Ty, ..., Ty), the estimate of the
break points are (T], .. m) =argminy, 7, ST(T1,...,Tm),
where the minimization is taken over all partitions (77, ..., Tp,)
such that 7; — T;_; > €T for some € > 0. The estimates
of the regression coefficients are then & = &({7}}) and p =
ﬁ({f‘j}). Such estimates can be obtained using the algorithm
of Bai and Perron (2003). Finally, consistent estimates of
the matrixes X and A (and thus @) are £ =7y lélét/
and A =771 i/l Yl &&,,; where &, = (i, A z;,
Azbt, (X —Xr)', (Xp: —Xp)")’, with i1, the ordinary least squares
(OLS) residuals from regression (1), X; = T' 7 x; (i =
f,b) and w(j/I) is a kernel function that is continuous and even
with w(0) =1 and ffooo w2 (x) dx < oo. In addition, I — oo as
T — oo and [ = o(T'/?). Hansen (1992c) has demonstrated the
consistency of these covariance matrix estimates.

3. THE TESTING PROBLEM AND
THE TEST STATISTICS

The data-generating process (1) is the most general, and re-
stricted versions may be used in practice. This gives rise to a va-
riety of possible cases for the testing problems considered. We
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classify these into two categories: (a) models with only /(1) re-
gressors and (b) models with both 7(1) and 7(0) regressors. This
classification into two categories is useful, because researchers
often are faced with only /(1) variables. For category (a), we
consider the following testing problems (for ease of reference,
we list the relevant regression under the alternative hypothe-
sis):

Testing problems, category (a): models with I(1) variables
only (ps = pp = 0, for all cases). Let H;j denotes the restrictions
{ci=c,8pj=0dpforallj=1,...,m~+1}.

1. H{(1) = {Hg, gr = 0} versus H{ (1) = {qr =0} (y = ¢; +
Z,,8bj + up);

2. H“(2) {HE, qp =0} versus H{(2) ={q, =0} (yy =¢; +
z, 3f + ur);
3. H (3) = {H{}, gr =0} versus H{(3) = {c; =c for all j =

L....m+1,q =0} (yy =c+27,8p + uy);

4. I-{g (4) =/ {H} versus H{(4) = {no restriction} (y; = ¢j +
ZﬁSf + thabj + uy);

5. H{(5) = {Hg} versus H{(5) ={cj=cforallj=1,...,
m+1} (yy=c+ Z}té‘f + 2,85 + uy).

Testing problems, category (b): models with both I(1) and
1(0) variables. Let Hg denotes the restrictions {c; = ¢, §; = dp,
Byj=Bpforallj=1,....,m+1}.

1. Hg(l) = {H?, pr = qp = 0} versus Hf(l) = {¢j =c for

all j=1,....m+1, prCIbZO} (y1=C+Z}t6f+
X;;tﬂbj+ul);
2. H3(2) = {H}, p» = g = 0} versus Hf(z) = {¢j = c for

all j=1,....m+ 1, pp =qr =0} (v =c +7,,8; +
X]/ctﬁf‘l'“t);
3. HY(3) = (HY, pr = qf = 0} versus HY(3) = {¢j = ¢ for

all j=1,....m+ 1, pr =qr =0} (yl=C+Z/b;8bj+
X;,;Igbj + uy);

4. Hy(4) = {H}, pr = qr = 0} versus HY(4) = {py = qf =
0} (vr = ¢j + 2,81 + X, By + tr);

5. HY(5) = {HY, pp = q» = 0} versus HY(5) = {pp = qp =
0} (ye=c¢j+ Z},(Sf + X}[ﬂf + up);

6. HY(6) = {H}, pp = qr = 0} versus HY(6) = {pp = gy =
O} v = ¢ + 2,8 + X By + wr);

7. HY(T) = {H}. pr = q» = 0} versus H(7) = {py = q =
0} O = ¢j + 2,87 + X}, By + r);

8. HU(8) = (HY, qr = 0) versus H(8) = {qr = 0} (v, =
¢j + 2,80 + X}, By + X}, By + ur);

9. H}(9) = {HY, q» = O} versus HY(9) = {g, = 0} (; =

¢j + 248 + X, By +Xp, B + w);

10. Hg(lO) = {Hg} versus H}l’(10) = {no restriction} (y; =

¢+ zj’ct8f + 2,8 + x},ﬂf + X3, B + r);
11. H5(11) = {H}} versus HY(10) = {¢; = ¢ for all j = 1,
omA 1} (3 = ¢+ 2 8f + 2,80 + X}, By + X, By + ).
We now give a brief description of each of the models in
the two categories. In category (a), case 1 is a pure structural
change model that allows for a change in the intercept as well.
Case 2 is a partial change model in which only the intercept is
allowed to change. Case 3 also is a partial change model but in
which the intercept is not allowed to change. Cases 4 and 5 are
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block partial models in which a subset of the /(1) coefficients is
allowed to change. In category (b), cases 1-3 are partial change
models in which the intercept is not allowed to change across
regimes. Case 4 is a pure change model in which all /(1) and
1(0) coefficients, as well as the intercept, are allowed to change.
Case 5 is a partial change model that involves only an intercept
shift. Case 6 is a partial change model in which the /(0) coef-
ficients are not allowed to change. Similarly, case 7 is a partial
change model in which the I(1) coefficients are not allowed to
change. Cases 8—11 are block partial models in which a subset
of coefficients of at least one type of regressor is not allowed to
change.

We consider three types of tests. The first type of test applies
when the alternative hypothesis involves a fixed value m = k
of changes. We consider the Wald test, scaled by the number
of regressors whose coefficient are allowed to change, defined
by

T — (k+ D (qp +pp) — (pr +
FrOu k) = ( ( ) (qp kpb) (pr Qf))
7' R(RWMgW) 'R)" Ry
X N E)
SSRy

where R is the conventional matrix such that (Ry) = (y) —
Yoot ts Vi — y}(H) and Mg =I — G(G’G)"'G’. Here SSR;
is the sum of squared residuals under the alternative hypoth-
esis. Following Bai and Perron (1998), we define the follow-
ing set for some arbitrary small positive number e, A]E‘ =
(A Aip1 — Ail = €, 11 = €, A <1 — €}. The sup-Wald test is
then defined as sup-F7(k) = sup, . AK Fr (A, k). Because in the

current cases the estimates A = {)11, e )A»k} with ii = f",-/T (for
i=1,..., k) obtained by minimizing the global sum of squared
residuals correspond to those that maximize the test Fr(X, k),
we have sup-Fr(k) = FT():, k).

The second type of test applies when the alternative hy-
pothesis involves an unknown number of changes between 1
and some upper bound M. Again following Bai and Perron
(1998), we consider a double-maximum test based on the max-
imum of the individual tests for the null of no break ver-
sus m breaks (m = 1,..., M), defined by UDmax Fr(M) =
Max|<m<M SUPpcpm Fr(k,m). This test is arguably the most
useful for determining the presence of structural changes. Sim-
ulations of Bai and Perron (2006) showed that with multiple
changes, the power of tests for a single break can be quite low in
finite samples, especially for certain types of multiple changes
(e.g., two breaks with identical first and third regimes). In ad-
dition, tests for a particular number of changes may have non-
monotonic power when the number of changes is greater than
specified. Finally, their simulations demonstrated that the power
of UD max was nearly as high as that of the sup-Fr test based
on the true number of changes.

The third testing procedure is a sequential one based on the
estimates of the break dates obtained from a global minimiza-
tion of sum of squared residuals, as described by Bai and Perron
(1998). Consider a model with k breaks, with estimates denoted
by (f‘l, R f"k), which are obtained through global minimiza-
tion of the sum of squared residuals. Testing the null hypothe-
sis of k breaks versus the alternative hypothesis of k + 1 breaks
involves performing a one-break test for each of the (k + 1)
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segments defined by the partition (f"l, e f"k), then assessing
whether the maximum of the tests is significant. More precisely,
the test is defined by

SEQ7(k+ 1]k)

= max sup T{SSRT(fl,...
Isj<k+lcen;,

,To)

—SSRr(T1, ... Tj—1, 7. Tj ... T1) } /SSRk41,
where Aje = {t; Ty + (T = Tj-ne < v < Tj— (T — Tj- e}
Note that this differs from a purely sequential procedure, be-
cause for each value of k, the break dates are reestimated to
obtain those corresponding to the global minimizers of the sum
of squared residuals.

4. ASYMPTOTIC DISTRIBUTIONS OF THE TESTS

An important issue that arises with integrated regressors is
the correlation between the regressors and the errors. We first
consider the case in which all /(1) regressors are strictly exoge-
nous. We then examine the case of endogenous regressors and
show that if the regression is augmented with leads and lags of
the the first differences of the /(1) regressors, then the limit-
ing distribution of the tests is the same as that obtained when
all 7(1) regressors are strictly exogenous. Thus, for now we as-
sume Sl’; .= SZ’I’Z =0, which we later relax in Section 5.2. We
also start with the following assumption, which imposes seri-
ally uncorrelated errors in the cointegrating regression, which
we relax in Section 5.1:

Assumption A6. Let & = (uf/ o u?)’, the errors {u;}

zty Bzt Bty Fxt
form an array of martingale differences relative to {¥;} = o-

field (7, uy—1—y: 5 > 0).

4.1 Main Theoretical Results

As a matter of notation, we define the following functionals,
where W) = o~ !B;:

b / b -1 b
h(G,a,b):(/ GdW1> (/ GG/) (/ del),

k+1 k+1

Ai ! Ai -1
ro=(5 [ ) (5] o)

k+1 i
X (Z/ GdW1>,
i=1 %=1
g(G, a, b) = (aG(b) — bG(a)) (aG(b) — bG(a))/ba(b— a), and
GUD (1) =G(r) — (hp — Ag_1) ! )f;h—l G. In addition, by con-
vention, Ao = 0 and Ag4; = 1. The limit distributions of the

tests when only /(1) variables are involved are stated in the fol-
lowing theorem.

Theorem 1. Assume that Assumptions A1-A6 hold and that

Slq .= QII’Z = 0. For the testing problems in category (a), the
limit distribution of supy ¢\« Fr (X, k) is supy c ax F(X, k) /k with
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F (A, k) defined as follows for the various cases: For case 1,

k
FO k) =) [R(WEED0,45) — h(WEHD 0,31 1)

i=1
+ h(Wf(iH’Hl), Aiy hig1) + 8(Wi, Ai, Ai1) .
For case 2, F(Ak) = fOWLEDy — pW/ED o 1y 4
S K g(Wi, &i hig1), where WL() = (@L)~1/2BL(r). For
case 3,
F(A k) =f(P2) — h(W2EED [0, 1)
k+1
—Wi()? + > (W2 A1, h),
i=1
where P%(r) =1 — ( fji"_] W2)( fjlf'_] WIW2)=IW2 (), for r e
[Ai—1, A;]. For case 4,
F(A k) = f(WMED) — p(WPAEED o 1)
k+1 - k
+ ) (WIS a4 Y g(Wh A Ag),

i=1 i=1

with W (r) = (WL(r), WE(r)), and where

A
Wf(i,i)wb(i,i)/
z z
Ai-1

Wg’l(i,i)(r) — W];(i’i) (r) —

Ai -1
b Db (i i b i
x < Wz(l,l)WZ(l,l)/> WZ(”)(}").
Ai-1
For case 5, F(A, k) = f(P,) — h(WPHD 0 1) —wy(1)2 +
S ROWE hist, 20), where Py(r) = (PE(r) P (r)) with
b Ai Ai /N —
PL(r) = WL(r) — (7 WIWE) ([ WEWE) =T Wh ().
Theorem 1 shows that it is possible to make inference in
models involving /(1) variables using the sup-Wald test. More-
over, the limiting distributions differ depending on whether the
intercept and/or the I(1) coefficients are allowed to change.
Note that for cases 2, 4, and 5, the limit distributions de-
pend on the number of /(1) coefficients that are not allowed
to change. This is different from a stationary framework, in
which the limit distribution is independent of the number of
regressors whose coefficients are not allowed to change. We
now consider the limit distributions of the test for the various
cases in category (b) in which both /(1) and 7(0) regressors are
present.

Theorem 2. Assume that Assumptions A1-A6 hold and that
Slqz = Slll’z =0 and let W;b(l) = (W},, W1)'. For the cases in
category (b), the limiting distributions of sup, . Ak Fr(d, k) un-
der the null hypothesis are given by sup; . A FQ, k)/k with
F (), k) defined as follows: For case 1, F(A, k) = Zle g(W;b,
Ai, Air1). For case 2, the limit distribution is the same as for
case 3 in category (a). For case 3,

F(A k) =f(P5) — R(WERHD [0, 1) — Wy (1)?

k+1 k
+ Zh(va Aio1, M) + Zg(Wj;b, Ais Ait1).

i=1 i=1
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For cases 4 and 8,

k
FO k) =Y [R(WED.0,4;) — (WEHD 10, 2)

i=1
FROWAELED ) + (Wi )

For cases 5 and 6, the limit distributions are the same as for
cases 1 and 2, respectively, in category (a). For cases 7 and 9,

F(A, k) = f(WLED) — p(WLAAED [0 1)
k
+ D 8(Wiprys Ais hi1)-
=1
For case 10,
F(A, k) =f(Wi”(l¥i>) _ h(WJZ‘b(LkH), 0, 1)
k+1 N k
+ Zh(Wf(l*’), A1, )\.i) + Zg(ij(]), Ai, )\.i+]).
i=1 =1
For case 11,
F(A k) =f(Py) — h(WPUEED 0 1) — wy (1)

k+1 k
+ ) RWE A )+ Y g (Wi i A1)
i=1 i=1

The practical implications of Theorem 2 are as follows. As
shown in case 1, if the intercept and the /(1) variables are held
fixed and only the coefficients on the 7(0) variables are allowed
to change, then the same limit distribution as given by Bai and
Perron (1998) applies. But this equivalence with the case of
stationary regressors holds only if the constant is not allowed
to change. As shown in case 7, the limit distribution differs
when the intercept is allowed to change and depends on the
number of /(1) variables present. The effect of allowing or not
allowing the intercept to change can also be seen by comparing
cases 3 and 4. The limit distributions are different, and, as ex-
pected, both depend on the number of /(1) and 7(0) variables
whose coefficients are allowed to change. A similar feature
also applies when the regression involves /(1) and /(0) vari-
ables whose coefficients are not allowed to change, as shown
in cases 10 and 11. Comparing these with cases 3 and 4 again
shows that having /(1) variables whose coefficients are not al-
lowed to change alters the limit distributions. Finally, compar-
ing cases al and b6, a2 and b5, a3 and b2, b4 and b8, and b7
and b9 shows that including /(0) regressors whose coefficients

are not allowed to change does not alter the limit distribution.

Remark 1. For case 4 in category (b), the limit distribution
of SUPj c Ak Fr(A, k) is:

k
sup 4 (8% iy A ) VO, Aip) ™S (s Ai))
(CSTRIVYSISIVY e

+ D (0iW3, Qi) = i Wi (1))

i=1

X (AW (hig1) = Aipt Wiy (i) / i1 Ai(hie1 — 1))



Downloaded by [Purdue University] at 09:23 24 August 2012

508

with  8*(i,his1) = S() — MGIMGis1)"'SOhir),
Vi kis1) = M) — MO)MGirD ™ "M, Sy =
[4 2z dWy, M) = [ Z*Z¥, and Z* = (1, W?')'. The first
summation corresponds to the distribution in case 1 of cate-
gory (a), whereas the second summation corresponds to the py
1(0) regressors whose coefficients are allowed to change.

With these theoretical results for the sup-Fr(A, k), we can
obtain the limit distribution of the UD max and SEQr(k + 1|k)
tests. These are stated in the following corollary.

Corollary 1. Under Assumptions Al-A6 and SZ’IZ =
Slll’z = 0, for a particular testing problem denote the limit dis-
tribution of the test supycax Fr(A, k) by supycax F(A, k)/k,
then: (a) UDmaxFr(M) = emaxlsmSM SUp) e pm FET()», m) =
mMax i <m<m SUPreAm F(A,m)/m, (b) limr_ . P(SEQ7(k +
11k) < x) = G (x)*t!, with G, (x) the distribution function of
supy et F(A, 1).

4.2 Trends in Regressors

Suppose now that the /(1) regressors have a trending non-
stochastic component, that is, are generated by z]’ft = pst + 24
and z;, = pp,t + Zp;, With g, > 1 and pp, # 0. The limiting dis-
tributions of the tests then differ from those in the nontrending
case. The derivation of the required modifications follows the
treatment of Hansen (1992a). Consider a g, x (¢qp — 1) matrix
pj, that spans the null space of p,, and let C; = [Ci2, C2] =
(0 (0,pp) " P10} R p)~1/2). Note that Chzj, = (C 7 +
t, Chozpy)'. With War = diag(T, I,,—1 T'/?), we have

- T'C Lz + T [Tr
WZ_Y! C/Zzb[Tr] = ( l_zl/bz[Tr} [ ])
=2 Cyzpimy)

( " >=Jb() 4)
= Wf(,l)(") =J;),

where Wf(_l)(r) is a (gp — 1)-dimensional vector of indepen-
dent Wiener processes [a linear combination of Wé’ (r)]. Note
that when g5 = 1, Wi’(fl)(r) = r. It then follows that

(1] .
WG Y hacaWa = [ )

=1

) [T7] v
T'\PW3CYY gpu = o /0 aw,. (6
=1

Note that (4) through (6) also hold for z}’ftwith Wé’(fl)(r) re-
placed by WZ(—I) (r), a (gr — 1) dimensional vector of indepen-
dent Wiener processes [a linear combination of Wé (r)]. Here
also, when gy =1, W{:(_l)(r) = r. Therefore, with trending re-
gressors, the limiting distributions of the tests are not the same
as those without trends; however, we can obtain them by simply

replacing Wé and sz by Jé and J 'Z’

4.3 Asymptotic Critical Values

Because the asymptotic distributions are nonstandard, we
obtain critical values through simulations for models with
and without trends in regressors. We approximate the Wiener
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processes by partial sums of iid normal random variables
with N = 500 steps. The number of replications is 2,000.
For each replication, the supremum of F(A, k) with respect to
(A, ..., Ar) over the set A’g is obtained via a dynamic pro-
gramming algorithm (see Bai and Perron 2003). The /(0) re-
gressors are simulated as independent sequences of iid N(0, 1)
variables, and the /(1) regressors as independent random walks
with iid N(0, 1) errors [also independent of the 7(0) regressors].
The trimming values used are € = 0.05,0.10, 0.15, 0.20, and
0.25. Critical values are presented for up to nine breaks and
four regressors. The maximum number of breaks allowed is
eight when € = 0.10, five when € = 0.15, three when € =0.20
and two when € = 0.25. For the UD max test, M is set to 5 or
the maximum number of breaks possible. For models involv-
ing both /(1) and /(0) variables, critical values are provided
for all possible permutations up to two regressors of each type.
For the limit distributions of the tests with trending regressors
and for the sequential tests, we tabulated the critical values for
€ = 0.15,0.20, and 0.25. Because of the large number of re-
sults, we present critical values only for cases that allow the
intercept to change and for € = 0.15 in Tables 1-4. For other
cases and trimming values, tables of critical values are avail-
able on our website.

5. EXTENSIONS

We now extend the analysis of the previous section to the
cases in which we can have either serially correlated errors
in the cointegrating regression or endogenous regressors. We
show that simple modifications yield tests with the same limit
distributions described earlier.

5.1 Serially Correlated Errors: A Modified
sup-Wald Test

With serially correlated errors, we use the following robust
version of the scaled F test:

(T — (k+ 1) (gb + p») — (g7 + pf))
k

x p’RRTVHR) 'Ry, (1)

Fr(\, k) =

where V(ﬁ) is an estimate of the covariance matrix of p that is
robust to serial correlation and heteroscedasticity (see Bai and
Perron 1998 for details). Note that when testing for the stabil-
ity of coefficients associated with /(1) variables, whether or not
1(0) variables are included, we can simply apply the following
transformation to the test in (3): Fi(X; k) = (62/62)Fr(A, k),
where 62 =T—' YT 42 and 6 is a consistent estimate of o2,
Because the break fractions are consistent even with serially
correlated errors, we can first take the supremum of the original
F test to obtain the break points, then obtain the robust version
of the test by evaluating F7(X; k) at these estimated break dates.
That is, the test considered is SUPy ek Fr(\ k) = F?()z,k),
where A = ()A\ Lsoens )A»k) are the estimates of the break frac-
tions obtained by minimizing the global sum of squared resid-
uals (2).

A problem with the sup-Wald test is that with persistent
errors, the size distortions can be substantial, due to the es-
timation of the long-run variance using residuals under the
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Table 1. Asymptotic critical values [the entries are quantiles x such that P(sup F(A, k) /k < x) = «]
Non trending case Trending case
Number of breaks, k Number of breaks, k
qp o 1 2 3 4 5 UD max 1 2 3 4 5 UD max
Category (a) case 1, € =0.15
1 0.90 10.34 8.85 7.66 6.66 5.30 10.53 11.18 9.25 8.09 6.95 5.53 11.33
0.95 12.11 9.96 8.60 7.36 5.90 12.25 13.03 10.39 8.94 7.60 6.12 13.07
0.975 13.85 11.41 9.40 7.99 6.42 13.91 15.08 11.49 9.66 8.28 6.67 15.13
0.99 17.03 12.41 10.40 8.71 7.08 17.40 16.86 12.73 10.82 8.95 7.32 16.86
2 0.90 12.36 11.01 9.60 8.45 6.96 12.64 11.88 10.31 9.00 7.98 6.62 12.13
0.95 14.30 12.11 10.41 9.19 7.64 14.47 13.63 11.34 9.94 8.68 7.31 13.99
0.975 15.72 13.37 11.26 9.75 8.15 15.90 15.51 12.57 10.86 9.37 7.92 15.53
0.99 17.67 14.73 12.21 10.77 8.82 17.67 17.31 14.63 12.10 10.51 8.73 17.31
3 0.90 14.88 12.84 11.49 10.19 8.53 15.09 14.39 12.14 10.79 9.61 8.22 14.65
0.95 16.66 14.11 12.38 10.94 9.12 16.71 16.50 13.22 11.66 10.33 8.92 16.61
0.975 18.32 15.24 13.01 11.52 9.61 18.35 18.08 14.45 12.54 11.04 9.44 18.24
0.99 20.78 16.29 14.36 12.37 10.23 20.78 20.28 15.55 13.80 12.02 10.10 20.28
4 0.90 16.87 14.72 13.20 11.75 9.90 17.05 16.27 13.80 12.41 11.17 9.62 16.46
0.95 19.08 15.90 14.15 12.68 10.72 19.16 18.36 15.08 13.38 12.07 10.28 18.46
0.975 20.81 17.15 15.21 13.38 11.43 20.89 20.52 17.01 14.33 12.98 10.93 20.52
0.99 22.59 18.85 16.44 14.25 11.98 22.59 23.12 18.71 15.77 13.87 11.72 23.12
qf
Category (a) case 2, € =0.15
1 0.90 7.52 6.38 5.37 4.54 3.49 7.79 8.67 6.84 6.07 5.31 4.01 8.90
0.95 9.26 7.30 6.21 5.19 3.98 9.38 10.29 7.89 6.85 5.97 4.49 10.44
0.975 10.63 8.25 6.98 5.67 4.40 10.87 12.18 8.99 7.57 6.66 5.02 12.18
0.99 12.57 10.01 7.77 6.42 4.88 12.60 14.21 10.19 8.45 7.10 5.62 14.27
2 0.90 8.48 6.70 5.66 4.77 3.63 8.66 8.32 6.49 5.65 4.98 3.84 8.60
0.95 10.13 7.66 6.43 5.36 4.10 10.25 10.06 7.45 6.42 5.67 4.36 10.11
0.975 11.69 8.85 7.34 5.99 4.62 11.82 11.47 8.59 7.21 6.29 5.02 11.52
0.99 13.66 10.20 8.09 6.91 5.35 13.66 13.21 9.86 8.29 7.01 5.49 13.30
3 0.90 8.47 6.51 5.59 4.77 3.58 8.74 8.40 6.53 5.64 5.03 3.91 8.66
0.95 10.08 7.61 6.26 5.49 4.07 10.26 10.08 7.48 6.35 5.65 4.35 10.10
0.975 11.27 8.51 7.21 6.12 4.49 11.43 11.68 8.55 6.90 6.15 4.83 11.68
0.99 12.88 9.95 7.88 6.70 5.13 12.93 13.72 9.53 7.51 6.72 5.34 13.72
4 0.90 8.56 6.59 5.71 4.87 3.81 8.85 8.57 6.49 5.69 4.94 3.85 8.69
0.95 10.07 7.66 6.52 5.55 4.30 10.17 10.22 7.34 6.51 5.59 4.46 10.36
0.975 11.69 8.61 7.10 6.09 4.70 11.69 11.90 8.33 7.22 6.26 4.88 11.95
0.99 13.88 9.64 7.83 6.58 5.33 13.88 14.53 9.68 8.33 6.97 5.53 14.53
qars b
Category (a) case 4, € =0.15
1,1 0.90 10.19 8.77 7.74 6.60 5.26 10.53 10.81 9.18 7.99 6.89 5.48 10.98
0.95 12.03 9.78 8.53 7.18 5.81 12.30 12.27 10.30 8.87 7.61 6.09 12.34
0.975 14.05 11.03 9.28 7.92 6.30 14.07 14.43 11.39 9.54 8.28 6.72 14.45
0.99 16.02 12.33 10.33 8.67 6.99 16.09 16.65 12.56 10.45 9.02 7.14 16.65
1,2 0.90 12.89 11.03 9.70 8.60 7.02 13.16 12.57 10.62 9.17 8.17 6.80 12.76
0.95 14.88 12.27 10.76 9.38 7.68 14.97 14.19 11.69 10.12 8.93 7.43 14.27
0.975 16.72 13.67 11.63 10.03 8.48 16.75 15.86 12.73 10.78 9.51 7.85 15.89
0.99 18.48 14.72 12.48 10.89 9.06 18.48 17.89 13.79 11.76 10.18 8.39 18.16
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Table 1. (Continued)
Non trending case Trending case
Number of breaks, k Number of breaks, k
qr- 9b o 1 2 3 4 5 UD max 1 2 3 4 5 UD max
2,1 0.90 10.99 9.08 791 6.82 5.46 11.15 11.33 9.36 8.07 7.04 5.66 11.45
0.95 13.04 10.09 8.71 7.43 6.02 13.06 13.18 10.46 9.09 7.73 6.21 13.26
0.975 14.80 10.84 9.46 8.01 6.60 14.80 15.22 11.55 9.80 8.33 6.71 15.22
0.99 16.46 12.08 10.43 8.87 7.04 16.46 17.85 12.48 10.49 9.08 7.32 17.85
2,2 0.90 12.87 11.04 9.71 8.58 7.12 13.07 12.58 10.41 9.15 8.15 6.78 12.78
0.95 14.81 12.25 10.75 9.44 7.74 15.01 14.65 11.78 10.04 8.85 7.48 14.72
0.975 16.74 13.48 11.57 10.15 8.34 16.74 15.95 12.92 10.94 9.57 8.04 16.12
0.99 19.36 14.78 12.29 10.83 8.78 19.36 17.94 13.91 11.83 10.32 8.91 18.08
Table 2. Asymptotic critical values [the entries are quantiles x such that P(sup F(X, k) /k < x) = «]
Non trending case Trending case
Number of breaks, k Number of breaks, k
qb»Ph o 1 2 3 4 5 UD max 1 2 3 4 5 UD max
Category (b) cases 4 and 8, € =0.15
1,1 0.90 11.69 9.88 8.63 7.52 6.27 11.99 11.98 10.29 8.96 7.83 6.63 12.27
0.95 13.24 10.96 9.62 8.29 6.87 13.43 13.74 11.64 9.92 8.66 7.28 14.06
0.975 14.78 12.10 10.54 8.99 7.56 14.87 15.86 12.85 10.87 9.30 7.87 15.91
0.99 17.28 13.40 11.53 9.75 8.11 17.39 17.99 14.27 11.87 10.20 8.44 17.99
1,2 0.90 12.88 11.06 9.55 8.53 7.52 13.26 13.24 11.17 9.79 8.85 7.69 13.51
0.95 15.10 12.13 10.53 9.42 8.16 15.25 15.16 12.19 10.85 9.61 8.29 15.20
0.975 17.51 13.04 11.30 9.98 8.71 17.60 16.89 13.33 11.59 10.48 8.87 16.89
0.99 19.10 14.68 12.35 11.07 9.51 19.10 18.95 14.43 12.79 11.23 9.90 18.95
2,1 0.90 13.85 12.05 10.48 9.35 7.99 14.23 13.42 11.33 10.06 9.00 7.73 13.64
0.95 15.91 13.45 11.50 10.23 8.64 16.07 15.42 12.76 11.03 9.86 8.44 15.47
0.975 17.68 14.60 12.44 11.06 9.30 18.06 17.50 13.95 12.05 10.58 8.97 17.50
0.99 19.89 16.02 13.80 11.88 10.14 20.03 19.61 15.23 13.05 11.38 9.59 19.61
2,2 0.90 14.82 13.09 11.64 10.40 9.04 15.24 14.91 12.50 11.14 10.06 8.83 15.28
0.95 17.02 14.49 12.51 11.19 9.73 17.33 17.17 14.02 12.23 10.91 9.59 17.22
0.975 19.59 15.57 13.39 11.85 10.29 19.59 19.48 15.41 13.18 11.57 10.23 19.48
0.99 21.66 17.07 14.35 12.81 10.85 21.66 21.46 16.50 14.18 12.60 10.82 21.46
qar, q»
Category (b) cases 7 and 9, € =0.15
1,1 0.90 8.72 7.48 6.23 5.41 4.52 9.12 8.38 6.72 5.82 5.15 4.29 8.64
0.95 10.65 8.59 6.97 6.13 5.06 10.87 10.16 7.93 6.82 5.76 4.73 10.34
0.975 12.13 9.61 7.92 6.68 5.50 12.39 11.95 9.18 7.52 6.32 5.34 11.99
0.99 14.37 10.75 9.10 7.76 6.32 14.95 13.88 10.40 8.26 6.99 6.09 13.88
1,2 0.90 9.95 8.17 7.17 6.50 5.63 10.31 9.35 7.38 6.58 5.93 5.31 9.62
0.95 11.58 9.54 8.25 7.23 6.25 11.93 10.98 8.60 7.32 6.61 5.92 11.07
0.975 12.99 10.74 9.23 7.83 6.85 13.68 12.76 9.59 8.24 7.35 6.48 12.83
0.99 15.66 12.19 10.30 8.65 7.71 15.68 15.22 10.92 9.55 8.20 7.16 15.22
2,1 0.90 9.03 7.51 6.45 5.70 4.66 9.49 8.96 6.80 5.94 5.19 4.41 9.08
0.95 10.70 8.77 7.34 6.32 5.22 10.85 10.56 7.90 6.84 5.85 5.00 10.73
0.975 11.98 9.77 7.98 6.98 5.70 12.30 12.50 8.99 7.48 6.53 5.46 12.55
0.99 15.29 10.80 8.95 7.71 6.32 15.29 14.98 9.87 8.53 7.08 6.03 14.98
2,2 0.90 10.58 8.52 7.36 6.64 5.78 10.88 9.82 7.95 7.00 6.31 5.50 10.33
0.95 12.32 9.72 8.23 7.45 6.39 12.53 11.82 9.26 7.88 7.09 6.20 12.09
0.975 14.09 11.05 9.36 8.23 6.95 14.22 13.76 10.64 8.79 7.87 6.85 13.99
0.99 16.23 12.04 10.43 9.13 7.67 16.23 15.75 12.06 10.23 8.68 7.70 16.09
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Table 2. (Continued)
Non trending case Trending case
Number of breaks, k Number of breaks, k
qf-qb>Pb o 1 2 3 4 5 UD max 1 2 3 4 5 UD max
Category (b) case 10, € =0.15
11,1 0.90 11.83 10.06 8.74 7.79 6.47 12.04 12.30  10.39 9.18 8.10 6.61 12.68
0.95 13.95 11.26 9.76 8.47 7.15 14.02 14.55 11.71 10.14 8.97 7.32 14.66
0.975 15.76  12.31 10.61 9.30 7.76 15.79 16.70 1297  11.17 9.73 7.97 16.70
0.99 17.98 13.55 11.36 9.85 8.56 17.98 18.68 14.61 12.38 10.45 8.61 18.68
1,1,2 0.90 12.87 10.93 9.59 8.68 7.52 13.22 13.45 11.50 10.17 8.88 7.75 13.83
0.95 15.07 12.24  10.78 9.46 8.28 15.20 15.70  12.78 11.14 9.78 8.38 15.72
0.975 16.68 13.17 11.62  10.23 8.94 17.10 18.41 14.04 11.86  10.55 8.97 18.41
0.99 19.17 14.71 12.61 11.03 9.64 19.26 20.75 15.09 12.98 11.23 9.71 20.75
1,2,1 0.90 14.06  12.05 10.51 9.48 8.05 14.30 13.80 11.59 10.44 9.08 7.83 14.05
0.95 1599 1320 11.61 10.23 8.77 15.99 1579 1299 1144 9.83 8.56 15.95
0.975 1772 14.58 12.38 11.02 9.36 17.78 17.60  14.03 12.25 10.51 9.05 17.67
0.99 19.77 16.16  13.80  12.00  10.09 19.77 20.69 1552 13.13 11.66 9.77 20.69
1,2,2 0.90 15.06 1297 1151 10.40 9.05 15.47 14.61 1222 11.07  10.17 8.95 15.10
0.95 17.60 1432 1247 11.19 9.62 17.79 16.75 13.64 12.17  10.96 9.63 16.98
0.975 19.42 15.75 13.55 12.09 10.37 19.57 18.67 15.03 13.34  12.00  10.37 18.88
0.99 2229 1748 1477  13.10 11.18 22.29 2094 1652 1494 13.02 11.27 20.96
2,1,1 0.90 12.06  10.02 8.85 7.81 6.55 12.29 12.39  10.56 9.10 8.06 6.66 12.71
0.95 13.80 11.36 9.70 8.57 7.21 13.92 14.37 11.87 10.17 8.75 7.31 14.76
0.975 16.14  12.50  10.57 9.28 7.77 16.16 16.04  13.33 11.18 9.65 7.82 16.36
0.99 18.68 1440 11.75 10.21 8.50 18.76 19.23 1456  12.18  10.48 8.67 19.23
2,1,2 0.90 13.13 10.91 9.72 8.72 7.50 13.49 13.56 11.44  10.16 9.06 7.85 13.78
0.95 15.23 12.41 10.68 9.53 8.24 15.46 15.74  12.62  11.05 9.71 8.43 15.79
0.975 17.23 13.51 11.56  10.13 8.92 17.36 17.56  13.76  11.97 10.47 8.85 17.62
0.99 19.37 15.19  12.63 11.23 9.49 19.37 20.26  15.23 12.82 11.26 9.56 20.26
2,2,1 0.90 1450 12.16  10.69 9.58 8.06 14.72 13.78 11.55 10.22 9.25 7.99 14.05
0.95 16.78 13.46  11.88  10.35 8.74 16.80 15.64  12.81 11.18 9.98 8.62 15.81
0.975 18.50 1464 1276  11.11 9.37 18.50 17.22 1422  12.07 10.67 9.21 17.24
0.99 20.83 16.28 13.77 11.82 9.92 20.83 19.20 1548 13.49 11.61 10.04 19.20
2,2,2 0.90 1529  13.03 11.64  10.49 9.09 15.70 14.82 1252 11.15 10.17 8.92 15.23
0.95 17.00  14.47 12.88  11.42 9.75 17.22 16.86  13.94  12.33 11.07 9.70 17.06
0.975 18.87 15.49 13.72 12.12 10.43 19.08 18.99 15.48 13.30 11.79 10.27 19.24
0.99 22.03 16.89 1450 1296  11.20 22.03 21.22 1691 14.75 12.67  11.18 21.22
Table 3. Asymptotic critical values of the sequential test SEQ7 (k + 1|k)
Non trending case Trending case
k k
qp o 1 2 3 4 5 1 2 3 4 5
Category (a) case 1, € =0.15
1 0.90 12.00 12.94 13.74 14.53 15.23 12.94 13.99 14.93 15.50 15.73
0.95 13.78 15.25 16.38 17.02 17.70 15.01 15.85 16.53 16.86 17.04
0.975 16.38 17.70 18.24 18.53 19.18 16.53 17.04 17.17 17.43 18.04
0.99 18.53 19.33 19.92 20.50 21.34 17.43 18.58 19.11 19.22 19.54
2 0.90 14.26 15.02 15.64 16.02 16.51 13.57 14.78 15.40 15.87 16.12
0.95 15.65 16.61 17.12 17.66 17.85 15.51 16.18 17.08 17.31 17.50
0.975 17.12 17.85 18.22 19.04 19.27 17.08 17.50 19.27 19.62 19.70
0.99 19.04 19.35 19.90 19.99 20.01 19.62 19.79 21.52 22.58 22.75
3 0.90 16.64 17.57 18.28 18.86 19.53 16.38 17.30 17.92 18.40 18.62
0.95 18.30 19.58 20.21 20.77 21.45 17.99 18.74 19.77 20.28 20.89
0.975 20.21 21.45 22.67 23.36 23.48 19.77 20.89 21.56 22.11 22.28
0.99 23.36 23.52 24.13 24.43 25.16 22.11 22.37 22.83 23.98 24.54
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Table 3. (Continued)
Non trending case Trending case
k k

a» o 1 2 3 4 5 1 2 3 4 5

4 0.90 18.96 19.91 20.68 21.13 21.51 18.29 19.54 20.43 20.97 21.32
0.95 20.80 21.59 22.36 22.58 23.12 20.51 21.81 22.40 23.12 23.78
0.975 22.36 23.12 24.10 25.73 26.11 22.40 23.78 25.10 25.75 25.84
0.99 25.73 27.01 27.43 27.47 27.75 25.75 26.36 26.66 26.86 27.71

ar

Category (a) case 2, € =0.15

1 0.90 9.14 10.09 10.61 11.04 11.45 10.22 11.21 12.02 12.33 12.75
0.95 10.63 11.54 12.09 12.57 12.86 12.15 12.77 13.48 14.21 14.32
0.975 12.09 12.86 13.25 14.01 14.19 13.48 14.32 14.66 15.41 15.72
0.99 14.01 14.33 14.80 15.33 16.43 15.41 15.96 16.23 16.48 16.62

2 0.90 10.06 11.18 11.68 12.21 12.52 9.92 10.73 11.41 11.79 12.18
0.95 11.69 12.62 13.33 13.66 14.07 11.41 12.18 12.80 13.21 13.69
0.975 13.33 14.07 14.61 15.22 15.31 12.80 13.69 14.19 14.68 14.94
0.99 15.22 15.40 16.51 17.02 18.13 14.68 15.00 15.96 16.37 17.09

3 0.90 9.97 10.74 11.25 11.73 12.17 9.95 11.05 11.64 11.92 12.76
0.95 11.27 12.18 12.60 12.88 12.94 11.66 12.77 13.26 13.72 14.15
0.975 12.60 12.94 13.24 14.33 14.49 13.26 14.15 14.70 14.83 15.71
0.99 14.33 15.14 15.32 15.56 16.12 14.83 15.86 16.59 16.66 16.91

4 0.90 10.01 10.81 11.55 12.09 12.37 10.19 11.19 11.79 12.67 13.05
0.95 11.59 12.40 12.80 13.88 14.23 11.90 13.08 13.68 14.53 15.03
0.975 12.80 14.23 15.59 15.74 16.03 13.68 15.03 15.62 16.08 16.70
0.99 15.74 16.10 16.61 16.93 17.05 16.08 16.80 17.48 17.48 17.80

qar- qb

Category (a) case 4, ¢ =0.15

1,1 0.90 11.98 13.02 14.03 14.73 14.94 12.20 13.51 14.26 14.63 15.21
0.95 14.05 14.94 15.48 16.02 16.50 14.30 15.25 16.28 16.65 17.05
0.975 15.48 16.50 17.10 17.57 17.92 16.28 17.05 17.85 18.17 18.46
0.99 17.57 18.68 20.20 20.26 20.63 18.17 18.54 20.88 22.23 22.35

1,2 0.90 14.77 15.85 16.63 17.17 17.35 14.09 15.20 15.77 16.04 16.38
0.95 16.64 17.36 18.10 18.48 18.70 15.82 16.44 17.19 17.89 18.19
0.975 18.10 18.70 19.48 20.38 20.61 17.19 18.19 18.76 19.21 19.61
0.99 20.38 21.05 21.57 22.36 22.54 19.21 19.69 20.34 20.48 20.66

2,1 0.90 12.87 13.78 14.72 15.06 15.47 13.11 14.03 15.14 15.73 16.22
0.95 14.77 15.55 16.14 16.46 16.70 15.22 16.45 17.21 17.85 18.15
0.975 16.14 16.70 16.99 17.19 18.20 17.21 18.15 18.79 18.96 19.01
0.99 17.19 18.36 18.55 18.58 18.91 18.96 19.48 20.33 20.49 20.86

2,2 0.90 14.70 15.67 16.70 17.04 17.56 14.48 15.40 15.93 16.37 16.70
0.95 16.71 17.65 18.63 19.36 19.49 15.93 16.72 17.56 17.94 18.10
0.975 18.63 19.49 20.02 20.55 21.07 17.56 18.10 18.78 19.01 19.64
0.99 20.55 21.38 22.89 23.16 24.18 19.01 20.34 21.05 21.28 21.30

alternative hypothesis. On the other hand, Vogelsang (1999)
showed through simulation experiments that estimation of the
long-run variance under the null hypothesis leads to the prob-
lem of nonmonotonic power in finite samples. In related work,
Crainiceanu and Vogelsang (2007) showed that commonly used
data-dependent bandwidths for estimation of the long-run vari-
ance (based on the misspecified null model) are too large un-
der the alternative hypothesis. This in turn leads to a decrease
in power as the magnitude of the change increases. As a so-
lution to this size—power trade-off, we use a new estimator of
the long-run variance constructed using a hybrid method that
involves residuals computed under both the null and alterna-

tive hypotheses. In particular, the data-dependent bandwidth is
selected based on the residuals obtained under the alternative
hypothesis. With this particular value of the bandwidth, the es-
timate is computed using residuals obtained under the null hy-
pothesis of no structural change. Specifically, the proposed es-
timator is

T -1 T
=TSR +2r7 Y wii/h) Y iy, (8)
t=1 j=1 1=j+1

where u; are the residuals obtained imposing the null hypoth-
esis. The kernel function w(-) is the quadratic spectral, and,
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Table 4. Asymptotic critical values of the sequential test SEQ7 (k + 1]k)
Non trending case Trending case
k k
qbsPb o 1 2 3 4 5 1 2 3 4 5
Category (b) cases 4 and 8, ¢ =0.15

1,1 0.90 13.18 13.92 14.70 15.08 15.79 13.72 15.14 15.72 16.44 16.75
0.95 14.72 15.82 16.60 17.28 17.61 15.73 16.83 17.54 17.99 18.17
0.975 16.60 17.61 19.20 19.43 19.85 17.54 18.17 19.27 19.97 20.53
0.99 19.43 20.02 21.38 21.43 22.10 19.97 21.13 22.77 23.42 23.98

1,2 0.90 15.06 16.32 17.39 17.83 18.22 15.09 16.21 16.85 17.33 17.85
0.95 17.44 18.25 18.65 19.10 19.96 16.86 17.87 18.81 18.95 19.28
0.975 18.65 19.96 20.06 20.37 20.69 18.81 19.28 19.66 21.10 21.43
0.99 20.37 20.73 21.96 23.13 23.22 21.10 21.61 22.74 23.70 24.12

2,1 0.90 15.82 16.69 17.59 18.15 18.39 15.21 16.54 17.44 17.98 18.46
0.95 17.68 18.63 19.37 19.89 20.39 17.49 18.49 19.26 19.61 20.27
0.975 19.37 20.39 21.48 22.63 22.84 19.26 20.27 20.76 21.69 22.03
0.99 22.63 23.82 24.73 25.40 25.62 21.69 22.37 22.94 24.08 24.08

2,2 0.90 16.95 18.69 19.46 20.06 20.44 17.12 18.56 19.40 19.92 20.75
0.95 19.48 20.44 21.33 21.66 21.97 19.45 20.42 21.16 21.46 22.33
0.975 21.33 21.97 22.39 23.52 24.03 21.16 21.86 22.89 23.41 23.85
0.99 23.52 24.11 24.75 25.05 25.12 23.41 23.85 25.06 25.94 26.32

qf»Pb

Category (b) cases 7 and 9, € =0.15

1,1 0.90 10.56 11.68 12.06 12.70 13.25 10.14 11.07 11.81 12.31 12.90
0.95 12.08 13.26 14.04 14.37 14.95 11.85 13.01 13.57 13.88 13.99
0.975 14.04 14.95 15.11 15.68 16.31 13.57 13.99 14.63 15.19 15.95
0.99 15.68 17.70 18.33 19.01 20.20 15.19 16.15 16.24 16.25 16.34

1,2 0.90 11.52 12.51 12.96 13.57 14.28 10.95 11.83 12.70 12.92 13.89
0.95 12.98 14.45 15.30 15.66 15.93 12.70 13.89 14.90 15.22 16.00
0.975 15.30 15.93 16.30 16.85 16.95 14.90 16.00 16.68 17.33 17.48
0.99 16.85 17.36 17.77 18.54 19.60 17.33 17.91 18.29 18.71 19.21

2,1 0.90 10.65 11.45 11.95 12.68 13.14 10.49 11.45 12.34 12.86 13.34
0.95 11.97 13.47 14.57 15.29 15.85 12.36 13.69 14.55 14.98 15.07
0.975 14.57 15.85 16.64 17.43 17.92 14.55 15.07 15.29 15.72 15.86
0.99 17.43 18.13 18.71 19.52 19.64 15.72 15.96 16.44 16.48 17.43

2,2 0.90 12.22 13.22 14.03 14.56 14.93 11.76 12.88 13.46 14.31 14.75
0.95 14.03 15.05 15.56 16.23 16.54 13.51 14.97 15.19 15.75 16.10
0.975 15.56 16.54 17.38 17.82 18.18 15.19 16.10 16.45 17.06 17.27
0.99 17.82 18.46 19.61 19.65 20.18 17.06 17.40 18.55 19.65 20.08

qf-4b>Pb

Category (b) case 10, € =0.15

1,1,1 0.90 13.72 15.13 16.24 16.68 17.11 14.32 15.97 16.59 17.08 17.31
0.95 15.75 16.74 17.98 18.34 18.44 16.60 17.35 18.07 18.68 18.99
0.975 17.42 18.34 19.12 19.85 20.15 18.07 18.99 19.73 20.26 20.71
0.99 19.12 20.15 21.12 21.21 21.21 20.26 21.24 22.52 22.55 22.81

1,1,2 0.90 14.85 15.95 17.30 17.86 18.46 15.58 16.90 18.31 18.92 19.14
0.95 16.64 18.01 19.17 19.55 19.72 18.39 19.14 19.98 20.75 21.50
0.975 18.69 19.55 21.44 21.63 22.04 19.98 21.50 21.94 22.54 22.86
0.99 21.44 22.04 23.51 24.20 24.20 22.54 23.07 23.18 23.35 23.85

1,2,1 0.90 15.94 16.98 17.99 18.30 18.46 15.72 17.04 17.59 17.75 18.16
0.95 17.69 18.31 19.77 20.07 20.32 17.59 18.47 19.63 20.69 21.06
0.975 19.01 20.07 20.93 21.42 21.81 19.63 21.06 21.76 22.59 22.70
0.99 20.93 21.81 22.83 22.88 22.88 22.59 22.83 23.91 24.31 24.81
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Table 4. (Continued)
Non trending case Trending case
k k
qf qpsPb o 1 2 3 4 5 1 2 3 4 5
1,2,2 0.90 17.43 18.53 19.99 20.17 20.75 16.70 17.70 18.60 19.20 19.82
0.95 19.42 20.21 22.29 22.49 22.57 18.63 19.83 20.60 20.94 21.27
0.975 21.40 22.49 23.20 24.51 24.63 20.60 21.27 21.71 23.06 23.19
0.99 23.20 24.63 25.82 26.26 26.26 23.06 23.23 23.52 23.54 25.67
2,1,1 0.90 13.75 14.86 16.55 17.03 18.10 14.31 15.26 15.96 16.71 17.40
0.95 16.09 17.16 18.68 18.90 20.00 16.00 17.60 18.26 19.23 19.96
0.975 18.12 18.90 20.85 21.25 22.27 18.26 19.96 21.00 22.20 22.30
0.99 20.85 22.09 22.93 23.14 23.14 22.20 22.61 24.61 24.76 25.10
2,1,2 0.90 15.22 16.26 17.60 18.14 18.99 15.68 16.62 17.43 17.99 18.50
0.95 17.14 18.23 19.37 20.03 20.79 17.52 18.50 19.57 20.26 20.44
0.975 19.03 20.03 21.76 22.33 23.09 19.57 20.44 21.28 21.79 22.42
0.99 21.76 22.83 23.18 23.46 23.46 21.79 22.50 22.82 23.61 23.91
2,2, 1 0.90 16.70 17.48 18.82 19.34 20.49 15.54 16.36 17.08 17.44 17.96
0.95 18.34 19.38 20.83 21.46 21.70 17.11 18.01 18.62 19.20 19.60
0.975 20.52 21.46 22.00 23.35 23.69 18.62 19.60 20.74 21.16 22.04
0.99 22.00 23.59 24.22 25.41 25.41 21.16 22.35 22.92 23.90 24.39
2,2,2 0.90 16.93 18.15 19.27 19.87 20.73 16.76 17.94 18.93 19.82 20.09
0.95 18.87 19.92 22.03 22.30 22.85 18.97 20.11 20.59 21.22 21.83
0.975 21.29 22.30 23.24 23.62 23.70 20.59 21.83 22.31 22.75 23.49
0.99 23.24 23.64 24.24 24.36 24.36 22.75 23.58 25.33 25.76 26.04

following Andrews (1991), the estimate of the bandwidth is
given by i = 1.3221(a(2)T)"/3, where a(2) = [452/(1 — p)*]
and p = Z[Tﬁ Urly—1/ Zszz 12[2_1 , with #; the residuals from the
model estimated under the alternative hypotheses. As we show
later, the sup-Wald test based on this estimator is able to by-
pass the problem of nonmonotonic power while maintaining an
exact size close to the nominal size. (For more details on the
merits of this approach, see Kejriwal 2009.)

5.2 Endogenous /(1) Regressors

In general, the assumption of strict exogeneity is too restric-
tive, and the test statistics described in the previous section are
not robust to the problem of endogenous regressors. In this sec-
tion we use the linear leads and lags estimator (dynamic OLS)
as proposed by Saikkonen (1991) and Stock and Watson (1993)
and prove that the limiting distributions of the tests based on
this estimator are the same as those obtained with the static
regression under strict exogeneity. The modified regression is
given by
yir=_¢i+ Z]/“taf + Xj/‘zﬁf + 23,80i + X}, By

{r
+ ) Az M +9, (9)
J=—Lr
where z, = (z}t, z;,)’. Note that the numbers of leads and lags of
Az; need not be the same, but here we specify the same values
for simplicity. Alternatively, £7 could be interpreted as the max-
imum of the number of leads and lags. To prove our results, we
need a few additional assumptions, which are the same as those

required to show the consistency of the estimate of the cointe-
grating vector in the case of a model with no structural change.

Assumption A7. Let &, = (uy, u’;; u?) and ¢, = (u’;; uy.
The spectral density matrix fr;(w) is bounded away from
0 so that for (W) > al, (n=gqr +qp + 1) for w € [0, 7]
where o > 0. In addition, the covariance function of ¢, is ab-
solutely summable; that is, denoting E(¢ ,C; ) =T (k), we re-
quire that Z,fi_oo IT(k)|| < oo, where || - || is the standard
Euclidean norm. Denoting the fourth-order cumulants of ¢, by
Kijk1(my, my, m3), we assume that Zml Zmz Zm3 |icijk1(my, ma,
m3)| < 0o, where the summations run from —oo to +o00.

Assumption A7 states the same conditions used by Saikko-
nen (1991) and allows us to represent the error u; as u; =
PR &%, + vy, with Yo oo M|l < 0o and where vy
is a stationary process such that £(¢ ,v,x) = 0, for all k, and
Sov W) = fuu W) — fue, W ¢, (w)_lfgz,,(w). The DGP under the

null hypothesis is then
Lr
yi=c+2,8 + X B + Z Az T+ vy,
j=—tr

where v = v, + ZU|>£T Cé,,_jnj = v, + ¢;. The last require-
ments pertain to the possible rate of increase of ¢7 as T in-
creases. Following Kejriwal and Perron (2008a), these are given
by the following:

Assumption A8. As T — oo, £ — 00, Z%/T — 0, and

Note that Assumption A8 allows the use of information cri-
teria, such as the Akaike information criterion and the Bayes
information criterion. Because there can be serial correlation in
the errors v,, we need to apply a correction for its presence.
Thus we consider the statistic sup; . AK FLT) A k) = FIT) A, k),
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where A = (il, e, ik) are the estimates of the break fractions
obtained by minimizing the global sum of squared residuals
(2) and FR (X, k) = T~V (SSR/62)Fr (A, k) with Fr(X, k) as de-
fined in (3). We consider an estimate 63 based on a weighted
sum of the sample autocovariances of V¥, the residuals obtained
imposing the null, as defined by (8) with ¥} instead of i, (and
using the unrestricted residuals to obtain the bandwidth as dis-
cussed in the previous section). The relevant result is stated in
the following proposition.

Theorem 3. Under Assumptions A1-AS5, A7, and A8, for all
testing problems, the limit distributions of the test
SUPy e Ak F![) (A, k), based on regression (9), are the same as those
that apply to the test sup, . Ak Fr(d, k) under the added assump-

tion A6 and strict exogeneity with Q’;Z =Q] =0.

6. SIMULATION EXPERIMENTS

We now present the results of simulation experiments that
pertain to the size and power of the tests, including a compari-
son with the frequently used LM tests. Hansen’s (2000) method
based on a “fixed regressors bootstrap” is also a possible avenue
for providing valid large-sample inference in some of the mod-
els considered. In theory, an advantage of Hansen’s method is
that it remains valid in the presence of changes in the marginal
distributions of the regressors. We conducted extensive simu-
lations and found that the Wald tests considered here are very
robust to changes in the drift of the /(1) regressors and changes
in the variance of the innovations driving them (as in the station-
ary case, as reported in Hansen 2000). Our asymptotic results
provide tests with exact sizes close to nominal size.

6.1 Size of the Tests

We start with the case in which the DGP exhibits no struc-
tural change, and analyze the size of the tests. The sample sizes
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considered are 7 = 120 and T = 240. The value of the trimming
€ is set to 0.20. The maximum number of breaks (M) consid-
ered is three. Depending on whether or not we correct for ser-
ial correlation and/or endogeneity, we have the following four
specifications: (a) S_Corr = 0, C_Corr = 0: no correction for
serial correlation or endogeneity; (b) S_Corr = 1, C_Corr =
0: correction for serial correlation but not for endogeneity;
(¢) S_Corr = 0, C_Corr = 1: correction for endogeneity but not
for serial correlation; and (d) S_Corr = 1, C_Corr = 1: correc-
tion for both endogeneity and serial correlation. To correct for
serial correlation, we use the method discussed in Section 5.1.
To correct for endogeneity, we use the dynamic OLS estimator,
discussed in Section 5.2, with £7 = 2. The various DGPs con-
sidered include the following basic components: y; = z; + u;
with z; = z;—1 + n;, where n; ~ iid N(0, 1). The DGPs consid-
ered are, where ¢, ~ iid N(0, 1) and Cov(n;, ¢;) = 0: DGP-1
(iid errors, exogenous regressor): u; = e;; DGP-2 [AR(1) er-
rors, exogenous regressor]: u; = pu;—1 + e;; DGP-3 [MA(1) er-
rors, exogenous regressor]: u; = e; — 0e;—1; DGP-4 [iid errors,
endogenous regressor]: u; = 0.8n; + ¢;; DGP-5 [MA(1) errors,
endogenous regressor]: u; = 0.5v; 4+ 0y, v = ¢; — 0.5¢;—1.

For each DGP, we consider the case in which the regressors
are {1, z;} and both the intercept and the cointegrating coeffi-
cient are allowed to change across regimes. In all experiments,
1,000 replications are used. All rejection frequencies are cal-
culated at the nominal 5% level. Table 5 reports the empirical
size, with T = 120 and 240 and p =6 = 0.5. Consider first the
base case represented by DGP-1, where the regressor is strictly
exogenous and the errors are iid. With S_Corr = 0, C_Corr =0,
the size is adequate for all the tests regardless of the specifica-
tion used. For DGP-2 with AR(1) errors, all tests show substan-
tial distortions when we do not correct for serial correlation;
however, when using our proposed long-run variance estimator,
the size distortions are no longer present, and the tests become

Table 5. Empirical size

T=120

T =240

Specification Test\DGP 1 2 3

4 5 1 2 3 4 5

S_Corr=0,C_Corr=0 sup-F.(1) 0.04 0.55 0.00
sup-F1.(2) 0.05 0.73 0.00
sup-F7.(3) 0.04 0.75 0.00

UDmax 0.04 0.65 0.00

sup-F7.(1) 0.04 0.03 0.02
sup-F1.(2) 0.03 0.02 0.05
sup-F1.(3) 0.02 0.01 0.05

UDmax 0.04 0.03 0.03

S_Corr=1,C_Corr=0

S Corr=0,C _Corr=1 sup-F7.(1) 0.06 0.58 0.00
sup-F7.(2) 0.07 0.76 0.00
sup-FE(3) 006 077  0.00

UDmax 0.06 0.67 0.00

sup-F7.(1) 0.05 0.04 0.03
sup-F1.(2) 0.03 0.02 0.06
sup-F1.(3) 0.03 0.02 0.07

UDmax 0.05 0.04 0.04

S_Corr=1,C_Corr=1

0.15 0.20 0.04 0.63 0.00 0.14 0.19
0.19 0.27 0.04 0.82 0.00 0.20 0.31
0.20 0.27 0.04 0.85 0.00 0.22 0.33
0.16 0.21 0.05 0.72 0.00 0.16 0.21

0.14 0.25 0.03 0.03 0.02 0.12 0.28
0.13 0.29 0.03 0.02 0.02 0.17 0.43
0.12 0.29 0.02 0.00 0.02 0.18 0.45
0.14 0.26 0.03 0.02 0.02 0.14 0.32

0.05 0.00 0.05 0.64 0.00 0.05 0.00
0.07 0.00 0.05 0.82 0.00 0.05 0.00
0.06 0.00 0.05 0.86 0.00 0.05 0.00
0.05 0.00 0.05 0.73 0.00 0.05 0.00

0.04 0.04 0.04 0.04 0.01 0.04 0.01
0.03 0.07 0.03 0.02 0.02 0.04 0.03
0.02 0.07 0.02 0.01 0.02 0.04 0.03
0.04 0.05 0.04 0.04 0.01 0.05 0.02
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somewhat conservative. With MA(1) errors (DGP-3), the tests
have size 0 when no correction for serial correlation is made.
Again, the size is accurate once we use S_Corr = 1. With endo-
geneity but no serial correlation (DGP-4), we see that all of the
tests have good size for S_Corr = 0, C_Corr = 1. Otherwise,
size distortions up to 20% may occur. This shows that the cor-
rection for endogeneity based on the dynamic OLS estimator
is quite effective. When both serial correlation and endogene-
ity are present (DGP-5), the tests have adequate size when we
use S_Corr = 1, C_Corr = 1, although some mild distortions
persist when testing for multiple breaks. When 7' = 240, for the
DGP-5 and S_Corr = 1, C_Corr = 1, the rejection frequencies
are decreased, and even the multiple break tests become con-
servative.

We also considered the case in which the regressors are
{1, z;, x¢}, with x; ~iid N(1, 1), Cov(x;, u;) = Cov(xs, ;) =0,
and the model allows the intercept and the cointegrating coef-
ficient to change across regimes but with the coefficient of x;
held fixed. The results were similar to those given in Table 5,
indicating that including an irrelevant /(0) regressor does not
lead to any size inaccuracies over and above those in the case
in which they are not included.

6.2 Power Comparison With the LM Type Tests

In this section we analyze the power of the sup-Wald test
and compare it with the sup, mean, and exp-LM tests pro-
posed by Hansen (1992b) and Hao (1996). Vogelsang (1999)
and Crainiceanu and Vogelsang (2007) showed that the power
function of a wide variety of tests for a shift in the mean of a

(A) AR(1) Errors
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dynamic time series is nonmonotonic with respect to the mag-
nitude of the break. One reason for this is the behavior of the
estimate of the error variance in the presence of a shift in mean.
In particular, if the error variance is estimated under the null hy-
pothesis, then nonmonotonic power can result. We show that the
LM-type tests have the same problem in the cointegration setup
and that in certain cases, the power can go to zero as the magni-
tude of the break increases. Because the primary issue pertains
to the presence of serial correlation in the errors, we consider
the case in which the regressor is strictly exogenous and the
trimming is set at € = 0.15. (We also simulated the power of our
tests with a DGP involving endogenous regressors and found
that the power actually was enhanced relative to that in the ex-
ogenous regressor case.) For the case with one break, the DGP
isy,=z+u,ift <[T/2]and y, = (1 + 8)z; + uy, if t > [T /2],
where 71, ~ iid N(O, 1), Cov(u;, n;) = 0. The sample size is
T = 240. We consider DGP 2 [AR(1) errors] and 3 [MA(1)
errors] and use the specification S_Corr = 1, C_Corr = 0.
We analyze the pure structural change model in which both
the intercept and the cointegrating coefficient are allowed to
change. The power functions are plotted in Figure 1. Consider
first the case with AR(1) errors. The nonmonotonicity of the
power function of the LM tests is evident even at moderate val-
ues of §. For very small values of §, the power of the mean
LM test is slightly higher than that of the modified Wald test,
because the mean LM test is particularly well suited for detect-
ing small changes (see Andrews and Ploberger 1994). Surpris-
ingly, however, the mean LM test performs better than the exp-
LM test even for large changes. The sup-LM test is dominated
by all tests regardless of the sample size and degree of persis-
tence. With MA(1) errors, the picture is quite different. All tests

p=05 p=0.7
T 1 T
— — = - MeanLM
SupLM
77777 ExpLM 0.8 1
SupF*
— ~ 1 ;_0'6 1
n? \\\ \,/*\\/,4~\\/ - 8 ~ - —\//, - - -
Se o~ o em = 0.4 R PTE—
1 0.2 4
L L L L L L 0 L L L L L
1 1.5 2 25 3 3.5 4 1.5 2 25 3 3.5 4
1 3
(B) MA(1) Errors
6=0.5 0=0.7
T T
1 = 1
"~ N
\\\\ \\*
X <
0.8 XN 1 0.8 RN 1
[N NN
> ~
~ e
o . = S == D o - == =
o o
0.4 1 041 1
0.2 B 0.2 B
0 L L L L L L L 0 L L L L L L L
0 0.5 1 15 2 25 3 3.5 4 0 0.5 1 15 2 25 3 3.5 4

5

Figure 1. Power functions: the case with one break. The online version of this figure is in color.
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1 T

Power

Figure 2. Power functions: the case with two breaks. The online version of this figure is in color.

have higher power than the autoregressive case, although non-
monotonicity is still evident for the LM tests. The performance
of the LM tests is quite similar, and no clear ranking emerges
between them.

We next consider the case in which the DGP involves two
breaks and three regimes, specified by y, = z; +uy, if t < [T/3],
vi=04+ 8z +u if [T/3] <t <[2T/3] and y; = z; + u; if
[2T/3] <t < T, where z; =21 + 0y, 2t = Z4—1 + Npy Ne ™~
iid N(0, 1) and Cov (i, n;) = 0. The power functions are plot-
ted in Figure 2. Consider first the case with AR(1) errors. Given
that single break tests have difficulty detecting such parameter
changes, it is not surprising that all tests exhibit nonmonotonic
power. The modified sup-Wald test dominates all of the LM
tests regardless of the sample size and the degree of persistence.
With MA(1) errors, again all tests exhibit nonmonotonicity, al-
though the power function of the modified Wald test is much
higher than that of the LM tests. What is quite remarkable is
the fact that in all cases, the UD max test has a much higher
monotonic power function than any of the other tests. This pro-
vides clear evidence of its usefulness.

Finally, it is useful to comment on what happens when the
regression is spurious, that is, there is no cointegration. Hansen
(1992b) showed that the LM test designed to detect a martin-
gale specification in the intercept, in the spirit of the test of
Nyblom (1989), can be viewed as a test for the null of coin-
tegration against the alternative of no cointegration. Although
the sup-Wald test is not specifically targeted to the alternative
of random variation in the intercept, it still has power against
spurious regressions (i.e., no cointegration). This means that it
also will reject when no structural change is present and there
is no cointegration [the errors are /(1)]. However, we can use

the following approach to determine whether the data suggest
structural changes in a cointegrating relationship or a spurious
regression. Suppose that we are willing to put an upper bound
M (say 5) on the number of breaks. Then, if the system is coin-
tegrated with fewer than M breaks, the sequential testing proce-
dure can be used to consistently estimate the number of breaks.
In contrast, if the regression is spurious, then the number of
breaks selected will always (in large samples) be the maximum
number of breaks allowed. Thus selecting the maximum allow-
able number of breaks can be indicative of the presence of /(1)
errors. The same is true when information criteria are used to
select the number of breaks. We verified via simulations that
this is indeed the case.

7. CONCLUSION

We have presented a comprehensive treatment of issues re-
lated to testing in cointegrated regression models with multi-
ple structural changes. We analyzed models with /(1) variables
only, as well as models that incorporate both /(0) and /(1) re-
gressors. The breaks are allowed to occur in the intercept, the
cointegrating coefficients, the parameters of the /(0) regressors,
or any combination of these. Our simulation experiments have
shown that the commonly used LM tests are plagued with the
problem of nonmonotonic power in finite samples, but the sup-
Wald test can avoid such nonmonotonicity while maintaining
adequate size. Our asymptotic results have allowed us to de-
vise a sequential procedure for selecting the number of breaks.
Finally, we have provided the asymptotic critical values of our
tests for a wide range of models that we expect to be useful in
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practice. Our simulation experiments demonstrate the favorable
properties of our test and our proposed long-run variance esti-
mator. It is important to note that the idea of constructing the
estimate of the long-run variance using information under both
the null and alternative hypothesis is quite general and applies
even in regression models that do not involve structural change.

APPENDIX

We use || - || to denote the Euclidean norm, i.e., x| =
(Zlexl?)l/z for x € R?. For a matrix A, we use the vector-
induced norm, i.e., Al = supy_o [|AX||/[x]|. We have [|A] <
[tr(A’A)]'/2. Also, for a projection matrix P, |[PA|| < ||A||. We
use the notation A,',j = Ayj) — A j), where A is the ma-
trix of observations from regime i to regime j (both inclusive),
ie. AGj) = (@ar_ 41,...,a7) while A is the matrix (con-

formable to A;;) of means, ie, Aqj = (a;j,...,a;;) where

ﬁi’j = (T T, 1) 1 PR ay. AISO, we use ATi,j) = A(i,j) —
A where AW is the matnx (conformable to A ) of sam-

ple averages, i.e., A% = (%,...,%), where x=T"' 3" x,.
Let 145 be a (T; — T;—1) x 1 vector of ones. To ease no-
tation, we will write A(i,i) as A, A?i,i) as A, A(i,,-) as Aj,
AGD as Al and 1) as 1;, (Wl,Wé,Wé’,Wi,sz) are inde-
pendent Wiener processes with dimensions corresponding to
those of (Bl,B’;, Bé’, B§, Bﬁ). We also use the notation W, =
(WZ/, Wé” ). We start with a lemma about the weak convergence

of various sample moments whose proof is standard given the
results in Qu and Perron (2007).

Lemma A.1. Under Assumption A1-AS5, the following weak
convergence results hold (for i =1,...,m+ 1): (a) T73/% x
Z[TA Zz = fole T-3/2 Z[TA,] 7y = fokf Bf, T-1/2 «
Y, = By, T2l = BoGy), T2 x

T4y, = Bi(w); () T2y T4 zﬂzﬂ = [MBB,

ZZ;T)i[]thzbt :> i B?B?/, (© IZ[T)i']thut =
JoiBLaBy + ri(Z +Af1) 7' S\ 2, = [ B dBy +
wi(E?, —i—Abl)'(d)T U gy = [0 BLABY + 1 (2 +
ALy, TV gl :fo'deBb/H():f” ALy, T

E”l 2y = [1BYdB + 1,(EX + AZ), T YT g,

u” ifOszde/_|_)L (2 +Abb)

The next lemma will also be useful in subsequent develop-

ments.

Lemma A.2. Let Xi(1,—1: yxp) = Ris -, X)), X = (T; —

— T; [
Ti—1) lztzTHth and ”“I((T,-—Tl;l)xp) =(u,..., ). Then
under Assumptions Al1-A4, we have for i =1,...,m + 1:

@) ' —X; 5 0 (i) 712X — X)'U; = T 12X — ) 'U; +
0p(1); (i) 77 (X; = X)) (X; = Xp) = T~ (X; — ) (X; — ) +
op(1); (iv) T732Z(X; — Xi) = T32Z(X; — ) + 0p(1).

Proof. Part (i) follows trivially. To prove (ii), note that
12X = X)'Ui = T2 (X; — ) Ui + T~ 12 (0 = Xp)'U;.
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We have T 12(u! X)U; = (n — x)T V2 x
Zt T 41U = op(1), using part (i). For (iii), note that
71X — X)) (Xi — X))
=T "X — ) Xi — ) + T X — ) (' = X)
+ 77— X)) (X — ") + TN — X)) (1" — X)).
Now T7H(X; — /Y (' = X)) =T7' Y[ (o — p) (e —
X)) ='—():l~ — Ai_l)(” — Xi)(u - X)) = 01’(1.) §1milar.ly,
T~ (' — X)) (X; — ') = 0p(1). Finally, 7~'(n! — X;) (' —
Xi) = (A — Ai—) (R — %) (1t — %)’ = 0,(1). To prove (iv), note

that T3/2Z)(u — X;) = T*3/2(Z,T;T,,_l+1 z)(k —X;) = 0p(1)
and the result follows immediately.

Proof of Theorem 1

We only consider cases 1 and 4. The details for the other
cases can be found in the working paper version. We have

SSRo — SSR
(T — (k+ 1)(q5 +pp) — a7 —py) 'SSRY’

where SSRo and SSRy are the sum of squared residuals under
the null and alternative hypotheses, respectively. In all cases,

we have k(T — (k+ 1)(q» + p») — qr — p) " SSR; 5> ko2,
Case I: The regression under Hy is y, = ¢; + z;nSb,' + u, and
for SSRy we have

-, -
SSRo = (Y?l,k-i-l) - ZZ(l,k+1)3b) (Y>(k1,k+l) - ZZ(I,k+1)5b)

o /
= (ZZ(I,k+1)(6b —8p) + U>(kl,k+1))

Fr(x, k) =

X (Zy1 gy1) @b = 85) +Uf 1y1))

7 / /
=U 10Ul e — @1y Uliarn)

(A1)
X(ZZEI,kH)ZZ(l,kH)) (Z221,k+1)U>(k1,k+1))’

k+1
SSRi =Y (Yi — Zibpi) (Yi — Zpidpi)

i=1
k+1 _ R B _ A _

=Y (Zpi®p — 86) + U0 (Zpi(8 — 81) + Up)
i=1
k+1 L L o L

=Y =2, 0) (Z},Zy) " (Z;,0p) + U0},
i=1

Therefore,

SSRy — SSRy

1 /
= —o?( [ W aw )
1 —1 1
X(/ Wf(l’kJrl)Wf(]’k*‘)’) (/ wg(l,kH)dWl)
0 0

k+1 P !
+o? Z{( WD dWl)
Aiz1
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Ai . . -1 Ai .
% ( W?(l,l)wg(l,l)/) ( ng(u) dW])}
Xi—1 Ai—1

k
42 Z Wi (hig1) = dig1 Wi (M)?
A1 hi(Rigr — Ay)

and the result stated follows.

Case 4: The regression under the alternative hypothesis is
Y= c'+zf18f+zb18bl+ul Let Z3, i1y = Zi 1 kays Lo arn))

and § = (Sf, 8})’. We have
-, -
SSRo = (Y>(kl,k+l) - Z>(k1,k+1)5) (szl,k+l) - Z>(k1,k+l)8)

(Z>(kl k+1)U(l k+l)) (Z?l k+1)Z(1 k+l))_1

(Z(l k+1)U(1 k+1)) + U(1 k+1)U(l,k+l)’

-1
SSRy = Z(Yi — LS — ZLyid) (Yi — Zidp — Liidp)
i=1
K+l R i R i
=Y (L — &) + Zpi(8p — i) + U)'
i=1

x (Zi(8; — Sf) + Zpi (8 — 8pi) + Uy).

After considerable algebra, we can show that

k+1 ! k1 -1
SSRk=—(ZZ M,,;U ) (ZZhMb,ZI,>
=1 i=1
k+1
X <Z Z/liMbiﬁz)
i=1

k+1 k+1

= > (23,0 Zy 2y (2,00 + ) (U0,

i=1

where My; = I; — Zb,-(Z;l.Zb,-)*Z;i and I; the (T; — T;—1) X

(T; — T;—1) identity matrix. Thus,

SSRo — SSRy,

(Z*l k+l)U(1 k+1)) (Z>(k]/,k+1)Z?1,k+l))_l

X (Z(l,k+])U<l,k+l))

i=1 i=1 i=1

k+1
+ X:(ZQH-Ui)/(Z;,,-Zbi)_1 (Z,,,Uy)
i=1
k+1

+ U ey Uliasn — Z(U;Ui)
i—1

and, with B () = (B (), BE(r)Y,
SSRo — SSRy

1 / 1 —1
= _(/ be(l,k+1) dBl) </ Bﬂ)(l,k-l—l)Bﬂ?(l,k-l—l)/)
Z Z Z
0 0

k1 N\ ke ) -1 k1 B
+ (ZZ]%MMU[) (Z Z}iMbiZﬁ) (ZZ};MbiUi
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1
><< B)Z‘b(l,kJrl)dBl)
0
kL g, ! Jk+1 -1
+ / BM(l i) dBl f BM(i,i)BM(i,i)/
= > [ weow
k+1 N
x (Z A Bgﬂwdgl)

=~

+1 A ’ Xi -1
b b)) b (i)
+ (/ B (i, l)dB ) </)L Bz(t I)Bz(l l))
— i—1

i=1

Ai ..
x ( / BY@D d31>
Xict

k
+ ) (iB1(his1) — i1 B1 (W)

i=1
X (AiB1(hix1) — Aig1B1(A)))/(hix12i(hig1 — A)),
where BYC:) () = BLGD () — ff: | BBl f)f:: 1 BLGD

B20D)—1B20) (1) Note that each element of BY"?(r) is the
residual from the projection of the corresponding element of

Bf(l D (r) onto the space spanned by {Bh(’ D }q” | for a given real-

ization of these stochastic processes. We also have BM(’ 0 (r)=

(@I)1/2WHED 1y 5o that
kFr (X, k)

1 /
_(f W};h(l,k-i-l)dWl)
0
(/ WLk Dyl k+1)/>

% Wfb(l k+1) dW1>

k+1

Z WM(I i) aw, )

Ai-1

k+1 -1
( WM(l z)WM(l 1)/)
k+1

( / WM(l i) dW])

k+1 Ai / Ai -1
+ ( W?(i,i) dW[) ( W?(i,i)w?(i,i)/)

— hie1

i=1

+

+ Z((kiwl (hit1) = kit W1 ()’

i=1

x (AiW1(hig1) = Ligt Wi ))) / Quip1 AR — Ai)).
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Proof of Theorem 2

We give the details only for cases 4 to 6.
Case 4: The regression under Hy is y; = ¢; + 2,85 + X, B, +
u;. We have,

~ = /
SSRo = [Y?l,kﬂ) - Zz(l,k+1)5b - X;;(l,k+1)ﬂb]

X [Y>(kl,k+1) - ZZ(I k+1)0b — XZ(I,k-‘,—l)ﬂb]

Bg Lemmas A.l and A2, T732Zy, (X5 = 0p(1).
Thus,

SSRo = [Z(1 141y 86 = 85) + Xb (1 sy 1y By = Bo) + Ufy iy |
< [Z 151y — 85) + X5y 1) (B — By)
+ U k1))
= (6 — Sb)/ZZl k+l)ZZ(l,k+l)(8h - Sb)
+2@5 =)' Z5(y o) Ul sty + UG i Ul iy
+ (B, — By Xp1 1) Xpct 1) By — Bs)

+2(B, = Bo) X511y Ul ety + 0p(D)

71 / 72 / 71
__(T U>(k1,k+l)ZZ(1,k+l))(T ZZ(l,k+1)ZZ(1,k+l))

-1
X (T ZZ;I k+l)U2<1,k+1))

—1/2
(T U(l k+1)XZ(l,k+l))

—1 —1
X (T~ X5 Xb(1kr1)

172
x (T~ / Xb(l kU, k+1))

+ U iy Ul g1y +0p(D).
We have SSR; = ZkH[Y XiBpi — ?bi‘?bi]/[?i — XpiByi —
Z;8p;]. Using Lemmas A.1-A.2, T_3/2Z;”.Xb,- = 0p(1) and un-
der Hy, Y; = Xbiﬂb + Zpidp + U;, so that

k1 ) )
SSRe = ) (X5 (By — Bu) + Zi(8p — 8i) + Uil

i=1

x [Xpi(By — Bpi) + Zni (85 — 1) + Uj]

k+1 o o o

=Y [~ " UZ) (T2, Z) (T Z,,0))

i=1

— (T POR) K K™ (72K, 0) + 00

+0,(1).

Therefore,

kFr (A, k)

1 /
([ )
W
1 -1
y (/ Wf“”‘*‘)wf(]’k*‘)’)
0
1
x </ W?“’k“)dwl) — Wi, (1)
0

"W (1) — Wi (1)2
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k+1

+ ) {0 = 2T W) = Wi (1))
i=1
k+1

+ ) = hi) T W) —

i=1
X (W;b (Ai) —

wi-1)

Wi, (hiz1))
ket 1

1
+ ZI:( Wh(t i) dWl) (/ Wb(l l)Wb(t 1)/)
Ai-1
Ai .
x ( woeD dwlﬂ
Ai—1

which reduces to the expression stated in the theorem.
Case 5: The model under H; is y, = ¢; + z]’ctéf + X}zﬂf + u;.

We have SRy = S5 [V, — X4B — Zidy V[ — XpiBy — Zsdy ).
Under Hy, Y; = Xﬁﬂf + Zsér + U, so that
k+1

SSRe = [X(By — Bp) +Z(8 — &) + U;Y
i=1

x [Xi(Br — By) + Zi(8r — §p) + Uil
T — &) = (T—zz"“Z/
Yo Z;0)) + 0, (1) and

k+1 -1 k+1
s (reyso)
i=1

i=1

Furthermore, Zs)~ L=t x
T2 (B - By) = (T

+op(1).

Hence, after some algebra,
ko k1l -1
SSRy. = — (T—l > U;zﬁ) (T—2 > Z]gzﬁ)

i=1 i=1
k+1

(T—l > ZﬁU,>

k+1 k+1 1

2 ~1

( 1/ ZU Xﬁ> ( Zxﬁxﬁ>

k+1 k+1 s
( I/QZX’ )+ZU§UI-+0P(1)

i=1
and

kFr (A, k)

1 / 1 -1
_(/ WJZ‘<1,k+1)dW1) (/ szf(l,k+1>wjzf<1,k+1>/)
0 0
1
([ e
0

kL e - '
+ (Z WD dWl)
i=1

Ai-1
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k+1 -1
(ZA W];(i,i)w];(i,i)/)
i—1

k+1 A B
X (Z N\ A dWl)

ll)wl

k
n Z W1 (hig1) — his1 Wi (A))?
Air1Ai(Aig1 — Ap)

i=1
Case 6: The model under H\ is y, = ¢; + 2}, 8p; + X}[,Bf + u.
In this case, SSR;, = Z Y, — Xﬁﬂf Zpidpi 1Y — Xﬁﬂf —
Z;,,(Sbl] Under H, Y Xﬁﬁf + Z;,,&b + Ul, so that
k+1

SSRe =Y [X4(Br — By) + Zii(8p — 861) + Ui’
=1

X [Xﬁ(ﬂf - Bf) + Zpi(8p — 8pi) + Uil
We also have T(8;; — &) = (T_2Z/bi2hi)_lT_IZ;iﬁi +o0,(1)

and

k+1 -1
> %)
i=1

T'2(B; — By) = (T

k+1
X (T_l/2 Zi}ﬁ,) +0p(1).
i=1

Hence,

k+1
SSRy = — Y (T "0 Zp) (T Zy, Zy) " (T7'Z),0))
i=1

k+1 k+1 -1
(T—W ZUX’) (ZT lxﬁxﬁ)

i=1 i=1
k+1 k+1
. <T—1/2 3 x;ﬁfji> YO
i=1 i=1
so that

kFr(A, k)
k+1

=> Z|: (/ Wb(l l+1) dWl)
hivl ) i -1
% </ W?(1,1+1)W§(1,1+1)/>

Wb(l D g, )

n ( Wb(l i) dW1> (fo)\i W?(l,i)wg(l,i)/>

X

—1

A ’
% / Wb(ll)dW]> < +1W;Z,(,~+1,i+1)dwl>
A

-1
% Wf(l+1,1+l)wf(l+l,t+l)/)

521

Aitl Lo
X (/ Wé?(l+1,l+l) dWl)i|
A

k
ns AiW1(hig1) = his1 Wi (A))?
; Aip1hi(Rip1 — X))

Proof of Theorem 3

We provide a proof for the testing problem (2) in category (a),
a pure structural change model with only /(1) regressors and
a constant. The proofs for the other cases are very similar.
We first let By = ’]/ZZ (7 2 1 £;, where ;= (v, ub)’. Under
the stated conditions, By = B = (B;..,Bb 2) as T — oo, where
Blf.Z =B — Slll’z(Slfzb) lBi’. Note that Bb_Z is independent of Bf.
Thus, B denotes a vector Brownian motion with block diago-
nal covariance matrix € = diag((af Z)2 Slbb) where (o 2)2
Slll’ Z(SZZ’" y~1 SZIZ’I. The relevant regression under the alter-
native hypothesis is
lr
yr=c;i+ z;]ls;,i + Z Az;;,z-jﬁj + f/;k
Jj=—Lr

As amatter of notation, let 5, = (Az}ﬂ_h, e Az’bt+£T)’, N, =

pys--mpp) s E=(er,....er), V=(v1,...,vp),and I =
(H/_ET,...,HET)’. Also, define M, = It — n;(n;n;)~ 1_17;,*,
2, = (,zp) 2 = (z1,....27), Zi = (21,_,41,....271,), L =

diag(Zi, ..., Zk41),8 = (¢, 8},), and the [(k+ 1)(gp + 1) x 1]
vector 6 = (6, 6, ..., 8)_. The vectors of estimates under the null
and the alternative are & and_S, respectively. The vector of resid-
uals is V¥ = M,)Y — M,]ZS under the null and v* =M, Y —
MnZS under the alternative. We have v* = v* + M,,Z(S -39,
so that

SSRo — SSRy, = ¥*'¥* =@ —8ZM,Z( - 5)
G- 3)’2’2(3 -3
— G- Ly nyZG - ¥,
Now note that
1@ =& Z sy " nyZG - 9|
<@ - 3)/DT||||D VAN

< )~ gy Zn;' D73 — )],
where the [(k+ 1) x (gp + 1)] diagonal matrix D7 = diag(T"'/?,
T.T.....T,....TV2,T,....T). We have |Dy(3 — 8)| =
Op(l),ll(n;*nZ) = 0p(T~N), IDF'Znll = 0,(>). since
17~ S Zomgll = OpU ) T2 XL wil = 0,07
(Salkkonen 1991; Kejrlwal and Perron 2008a). Hence, ||(8 —
&) Z' ;)" nZ(S — 8|l = 0p(Ir/T) = 0p(1). Next,
G —3)ZZE—3)
=—Z'V)Z'7)~'ZV
k+1

+ Y @Y ZZ) T (L) + 0p(1)
i=1
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/ -1
= _(ZZEI,kH)V’El,kH)) (ZZEI,kH)ZZ(],kH))
X (ZZEI,kH)V?l,k—H)) +VT1/,1<+1)V>(“1,1<+1)
k+1
+ ) @V ZiyZp) ™ Zy Vi) = ViVi} + 0p(1).
i=1
Therefore,
SSRy — SSRy.

1 1ol .y
N _(/ Bg(l,k+1)d3;{.z> (/ B?(l,k-l—l)B?(l,kH)/)
0 0
1
([
0

kel o
+ Z{ (/): Bé’(l,l) dB?‘z) </): B?“’”B?“*”’)
i=1 i—1 .

Ai .
<( [ woas.))
Ai-1

. i (BY (hix1) = his1BY_(1))?
Aip1hi(Air1 — Aj)

i=1

Since B’f_z and B, are independent, Blf‘z = albzwl and Bf =
(R2)172W?, 50 that

SSRy — SSRy

1 /
= —(af’_z)2</ Wf“”‘“)ciwl)
0

1 -1 1
X(/ Wf(l’ka])Wf(l’k*l)’) (/ Wg(l,k+1)dW1>
0 0

k+1

Ai . !
+ (7)) Z{ ( A weed dwl)
i=1 i1

ri -1 A
" < / W?(i,i)wf(i,i)/> ( / WD dW1)}
i1 Ai—1

ko oo Y g )2
+ (Ufz)z Z ()\'lwl ()\H-l) )\H-l Wl ()‘1)) .

Aip1Ai(Aip1r — Aj)

i=1
It can be shown, using arguments as in Kejriwal and Perron
(2008a) that 0, is a consistent estimate of of . under the stated

conditions (the proof is quite tedious and omitted). This proves
the theorem.
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