One-dimensional inference in autoregressive models
with the potential presence of a unit root.
By Anna Mikusheva, !
Abstract

This paper examines the problem of testing and confidence set construction for one-dimensional

functions of the coefficients in AR(p) models with potentially persistent time series. The pri-
mary example concerns inference on impulse responses. A new asymptotic framework is sug-
gested, and some new theoretical properties of known procedures are demonstrated. I show
that the LR and LR¥ statistics for a linear hypothesis in an AR(p) can be uniformly approx-
imated by a weighted average of local-to-unity and normal distributions. The corresponding
weights depend on the weight placed on the largest root in the null hypothesis. The suggested
approximation is uniform over the set of all linear hypotheses. The same family of distributions
approximates the LR and LR statistics for tests about impulse responses, and the approxi-
mation is uniform over the horizon of the impulse response. I establish the size properties of
tests about impulse responses proposed by Inoue and Kilian (2002) and Gospodinov (2004),
and theoretically explain some of the empirical findings of Pesavento and Rossi (2007). An
adaptation of the grid bootstrap for IRFs is suggested and its properties are examined.
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1 Introduction

Impulse response function (IRF) estimates and confidence sets are the most common way
of reporting results for AR/VAR estimation, and also for describing dynamic interactions
between variables. IRF confidence sets also serve as means for assessing the fit between
theoretical macro models and the data as in, for example, Gali (1999) and Christiano,
Eichenbaum and Vigfusson (2004). Estimation of impulse responses is also a first step in

the estimation of DSGE models via the IRF matching method introduced by Rotemberg
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and Woodford (1997) and Christiano, Eichenbaum and Evans (1999).

The main problem discussed in this paper is how to make inferences on IRFs in AR(p)
models when the process is highly persistent. The question of how much a practitioner
should be concerned about the potential presence of a unit root is a controversial one.
At one extreme, Inoue and Kilian (2002) showed that the usual bootstrap works asymp-
totically for impulse responses at fixed horizons in an AR(p), regardless of whether there
is a unit root. At the same time, it was shown in simulations by Kilian (1998), Kilian
and Chang (2000), Pesavento and Rossi (2007), among others, that the bootstrap pos-
sesses very poor size properties, and the normal approximation is inaccurate for impulse
responses at very long horizons if a near-unit root is present. This was also demonstrated
theoretically by Phillips (1998) and Gospodinov (2004).

The reason for such a difference of opinion is the use of different asymptotic assump-
tions. There are two distinct strands of literature, which are referred below as the “short”
and “long” horizon approaches. In the “short” horizon approach, one assumes that the
horizon of the impulse response being estimated is fixed as the sample size increases.
Under this assumption, one indeed arrives at the same conclusion as Inoue and Kilian
(2002), in particular, the t-statistic for the impulse response converges to a normal dis-
tribution regardless whether the unit root is present. However, if the horizon is modeled
as growing proportionally to the sample size, then the asymptotic distribution of the
LR statistic will be non-standard if a weak unit root is present. The assumption of a
growing horizon may be a reasonable one for the estimation of an impulse responses
on long horizons. Methods suggested by Gospodinov (2004) and Pesavento and Rossi
(2006) employ this asymptotic setting. The confidence sets based on the classical meth-
ods (delta-method, bootstrap) are significantly different from those produced by methods
that are consistent under linearly-growing horizon asymptotics. The incompatibility of
these two different approaches requires practitioners to somewhat artificially choose a set
of asymptotic assumptions, making inferences subjective. The main goal of this paper
is to provide a method that will work uniformly well for both short and long horizons
independent of the presence of a unit root.

In this paper, I introduce and examine the properties of the grid bootstrap, a proce-
dure initially suggested by Hansen (1999) to do inferences on the sum of AR coefficients
in an AR(p). In an AR(p) with a root near one the distributions of the usual test

statistics depend on a so-called local-to-unity parameter, which cannot be consistently



estimated by OLS. The idea underlying the grid bootstrap is that the null hypothesis
contains information that can be used for estimating the local-to-unity parameter. The
grid bootstrap uses the restricted estimates of unknown parameters to construct critical
values. The grid bootstrap is so named because it constructs confidence sets by grid
testing, that is, one tests all possible values of the impulse response (on a fine grid) and
composes the confidence set from the accepted values. For each value tested, I use the
same test statistic but different critical values. For each null hypothesis, the critical val-
ues depend on the restricted estimates of the parameters. Mikusheva (2007a) shows that
the grid bootstrap produces uniformly correct confidence sets for the sum of autoregres-
sive parameters in an AR(p), while the classical bootstrap or equi-tailed subsampling
fails to control size uniformly.

The paper contains two main results. First, I establish an approximation of the
finite sample distributions of the LR and LR test statistics for making inferences about
IRF's by a weighted sum of local-to-unity and normal distributions. The approximation
is uniform over the parameter space, and it works uniformly well for all horizons. The
weights in the approximation are determined by how important the persistence parameter
is for the null hypothesis. For short horizons, the approximating distribution is very close
to normal, while for very long horizons it approaches the local-to-unity limit. Thus the
new approximation includes as special cases the classical asymptotic setting with a fixed
horizon as well as the non-standard asymptotic setting of Gospodinov (2004), and it
allows for a comparison of the asymptotic size obtained by the different methods. The
generalization of the results to heteroscedastic and multivariate models is discussed.

The second result presented in this paper is that the grid bootstrap controls size well
for the two extremes- a fixed horizon as well as a linearly-growing horizon. Surprisingly
enough, the grid bootstrap fails to fully control size on medium horizons, but the distor-
tions are relatively small. The intuition for the grid bootstrap performance is as follows.
An impulse response at a very long horizon heavily depends on the persistence of the
process, as characterized by the largest root, and therefore a hypothesis about such an
impulse response contains a lot of information about the degree of persistence. As a
result, the restricted estimate of the local-to-unity parameter is consistent if the horizon
is growing at a faster rate than v/7'. This allows the grid bootstrap to use asymptotically
correct critical values and to effectively control size for long horizons. The impulse re-

sponses at short horizons do not contain as much information about the largest root, but
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the distribution of the test statistic is close to normal and does not depend on persistence
in any significant way. As a result, the grid bootstrap controls size on short horizons as
well. Some distortions occur in the middle, but they are smaller than the distortions pro-
duced by the usual bootstrap since the grid bootstrap uses a better estimate. The grid
bootstrap is a working method to produce confidence intervals for the impulse responses
that behaves favorably when compared with currently used methods.

Along the way I obtain three results that are interesting on their own. First, I gen-
eralize the results obtained in Mikusheva (2007a) to an AR(p). I establish a uniform
asymptotic approximation for some basic OLS statistics for an AR(p). The difficulties
of normalizing and separating statistics with standard and non-standard limits are dis-
cussed. Related results describing the behavior of linear and quadratic forms for the
stationary region only are obtained in Giraitis and Phillips (2009).

Second, establishing the uniform approximation for LR and LR* statistics for IRFs
allows me to discuss theoretical properties of known procedures for testing hypotheses
about IRF's on different horizons. I provide a theoretical justification to many of the
findings Pesavento and Rossi (2007) obtained in their simulation study.

Third, I show that the LR and Wald statistics may have asymptotically different
distributions. I prove that the LR statistic for an IRF has the same asymptotic ap-
proximation as the LR statistic for the linearized version of the hypothesis, and this
approximation is uniform over the horizon of the IRF as well as over the parameter
space. At the same time, the Wald statistic is very sensitive to the curvature of the
problem, and it is not uniformly well approximated by the above-described family. The
curiosity found in this paper is one of the first examples where LR and Wald statistics
are asymptotically different.

The remainder of the paper is organized in the following way. In section 2, the
uniform approximation for the basic OLS-type statistics in an AR(p) is established.
Section 3 establishes the uniform approximation for a set of linear hypotheses, and it
introduces the grid bootstrap procedure. The issues related to the non-linearity of IRFs
are discussed in section 4, which also provides a generalization of the results to multi-
dimensional and heteroskedastic settings. Section 5 obtains and discusses the asymptotic
coverage properties of different methods of constructing confidence sets. The results of a
simulation study appear in section 6. The proofs of the main results are collected in the

Appendix. Since the proofs are long and technically involved, some proofs, in particular,
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those for the results of Section 4.2, extensions to heteroskedasticity as well as additional
discussions of the Wald statistic for non-linear functions are placed in the Supplementary

Appendix, which can be found on the author’s web-site.?

2 The Asymptotic Approximation for AR(p)

2.1 Autoregressive Models

Consider a sample of size T from an AR(p) process written in the Augmented Dickey-

Fuller (ADF) form

p—1
Yt = pyr—1 + Z a;Ay—j + €. (1)
j=1
Assume that the process is initialized as yo = y_1 = ... = y_p41 = 0.

Assumption A. Let {e;}°; be i.i.d. error terms with a zero mean Ee;=0, a unit
variance Fe? =1 and a finite fourth moment Fe} < C' < oo.

I restrict the parameter space of coefficients (p, v = (aq, ..., p—1)) in such a way that
there is at most one root close to a unit root. In doing so I abstract from multiple unit

roots as well as harmonic unit roots. For each (p, ), one can find A\; = \;(p, @) such that

1—pL — pZaij(l —L)=(1-X\L)...(1 = \,L),

j=1
where the (complex) roots are ordered in ascending order [A;| < |[Ao] < ... < N[ 1

assume that (p, ) € Ry , and
Rs = {(p,a) : [No1(p,a)| <0, and if \,(p,a) € R, then —§ <\, <1}.

Consider a family of finite-sample distributions of some statistic &: F p(luzT(x) =
P,or{& < z}. 1 approximate this family by a family of limiting distributions indexed
by a parameter c: F.*) (x) = PA{&(c) < z}, where ¢ = ¢(T, p, ) is related to the true
parameter value (p,a) and to the sample size T" in a known way. The approximation is

said to be uniform over (p,a) € Ry if

lim sup sup|FY (x)—FC((Zg’a’T)(x) =0.

p.a, T
T—=00 (pa)ems =

http://econ-www.mit.edu/files /6612



This corresponds to the notion of uniformity given in Mikusheva (2007a). For simplicity,
when no ambiguity arises, I write {; = &(¢). The uniform approximation is a much

stronger requirement than the point-wise approximation

lim sup |F) (x) — F(;((Qg,a,T) ()| = 0 for each (p, ) € Ry.

T—oo 4 peT
The former requires that for any € > 0 there exists a sample size that guarantees that the
accuracy of the approximation at any parameter value (p, @) is no worse than . In con-
trast, the point-wise approximation allows the speed of convergence to differ depending
on the value of (p, «). Since the true value of (p, ) is usually unknown, the accuracy of
the point-wise procedure is unknown, and the finite sample size of the procedure may be
much larger than the declared. The distinction between uniform and point-wise approxi-
mations is important for many econometric problems such as inference for persistent time
series, weak instruments, and the parameter-on-the-boundary problem. A nice treatment
of this distinction with additional examples and explanations is given in Andrews and
Guggenberger (2009).

The importance of uniform inferences for an AR(1) with near unit roots was demon-
strated in Mikusheva (2007a). For any value of the AR parameter different from the unit
root, the Central Limit Theorem and Law of Large Numbers hold for \/LT Zthl yi_16¢ and
%Zle y? respectively. However, the convergence in those laws becomes slower as the
AR parameter approaches a unit root. This leads to the observation that the classical
OLS t-statistic inferences are point-wise correct but not uniformly correct. This explains

the extremely poor coverage of classical OLS procedures for very persistent processes.

2.2 Uniform Approximation for AR(1)

Here I briefly describe the results for an AR(1) established in Mikusheva (2007a) because
they provide useful intuition in an AR(p) case.
Assume that y, = py,_, + e; with 7, = 0, and the error term satisfies Assumption A.

Then the following asymptotic approximations hold uniformly over p € [-1 4 §,1) for

NEETS Sraee —— [ oy ©)

t=1

some positive ¢ > 0:




where J,(s) = [ e“t=9)dW (t) is an Ornstein-Uhlenbeck process, ¢(¢) = E L J2(4)dt =
0 0 “Yc
1% and ¢ = c(p,T) = Tlog(p).

4c2

Several observations are worth making. First, the expressions on the right side of
equations (2) and (3) are the point-wise limits of the expressions staying on the left in
the so-called local-to-unity asymptotic approach, where the parameter p is modeled as
approaching a unit root as the sample size T increases: pr = 1+ ¢/T. The local-to-
unity asymptotics were suggested in a sequence of papers by Bobkoski (1983), Cavanagh
(1985), Chan and Wei (1987), Phillips (1987), and Stock (1991).

Second, in the classical asymptotic setting, that is, |p| < 1 is fixed and T" — oo,
the first statistic has normalization proportional to \/LT’ while the second has % If the
parameter p is modeled as in the local-to-unity approach pr = 14 ¢/T', then the normal-
ization in (2) and (3) becomes much stronger: for the first statistic, it is proportional to

while for the second it is proportional to %

Third, if |p| < 11is fixed and T" — oo then ¢(p,T') — —oo. Phillips (1987) showed that

1
T

the right side of (2) weakly converges to a standard normal distribution, and the right side
of (3) converges in probability to one as ¢ — —oo. That is, even though the approximating
family resembles the local-to-unity limit distribution, it nests the classical Central Limit
Theorem and the Law of Large Numbers approximations for strictly stationary processes.

Finally, the variables are normalized in such a way that ﬁ fol J2(t)dt is bounded in

probability from above and separated in probability from zero, while ﬁ ‘ fol Jc(t)dW(t)‘
g(c

is bounded in probability uniformly over —oco < ¢ < 0.

2.3 Main result on the uniform approximation for AR(p)

If one wishes to establish some analogs to equations (2) and (3) for an AR(p), one faces
several difficulties. The regressor X; = (y4—1, Ayr—1, ..., Ays—p41)" in the auto-regression
(1) has components Z; = (Ay;_1, ..., Ayi—p+1)" which are strictly stationary and obey the
classical Central Limit Theorem and the Law of Large Numbers, as well as a component
y;—1 that may be stationary or persistent depending on how close the largest root is
to the unit circle. As in the case of an AR(1), these components may require different
normalizations. When p is close to 1, statistics involving y;_; will be asymptotically
independent from those containing Ay,_;. However, when p is far from 1 and the classical

normal asymptotics apply, there is a non-zero correlation between these two sets of



statistics. To deal with this issue, I rotate X; in such a way that the resulting statistics
will be asymptotically uncorrelated in the stationary region as well.
Let X(p, ) = limy_.o E, o X; X, be the limit of the variance matrix of X;.*> Assume

also that F is a lower-triangular matrix such that FX(p, o) F' = I,

Theorem 1 Let y; be an AR(p) process defined by equation (1) with error terms satisfy-

ing Assumption A. Then the following approzimations hold uniformly over (p, ) € Rs:
g 14 g app Y P,

T Lt (s)dw
% S FXe, = el Jo Je(s)dW (s) | 0
t=1 &
T 1 1 72 /
1 L1 12(s)ds 0
T Z FXtXéF/ g g(c) fO (8) S ’ (5)
t=1 0 ]p—l

where ¢ = T'log(|Ap|), & ~ N(0,1,_1) is independent of W, 0 is a (p — 1) x 1 vector of

zeros, and I,y is an identity matriz of size (p — 1) x (p — 1).

In an AR(p), the persistence of the process can be characterized by the largest root
Ap. Local-to-unity asymptotics assumes A\, = exp{c/T'}. However, the concept of the
largest root is well defined only for very persistent processes. A strictly stationary AR(p)
process may have complex roots. I resolve this issue by defining ¢ = T'log(|\,]).

According to Lemma 2 in the Appendix, the first component of the vector FX; is

v 1-p? .
Ty Y15 where C(p, «) is bounded and separated from the zero. Theorem 1 shows

that Y2

o /T Zthl yi—1€; and #ﬁﬁ Zthl y? | are approximated by the same family of

distributions as in the AR(1) case. The normalization term /1 — p? allows for stronger
normalization in local-to-unity asymptotics. Function C'(p, @) captures the long-run vari-
ance of the quasi-differenced series ¥, — A,y;—1 within the local-to-unity framework. The
last p — 1 components of FX; (denote them ;) are strictly stationary in the sense that
\/LT ST Fie; satisfies the Central Limit Theorem and %Z;‘FZI 7,z obeys the Law of
Large Numbers. The transformation F' rotates X; in such a way that the standard and

non-standard components are asymptotically independent.

3Tt is equal to the covariance matrix of an analog of X, for a strictly stationary process as defined in

equation (1).



3 Inference for linear functions

3.1 Approximation of the test statistic

The main goal of the paper is to perform a test about or to construct a confidence set for
a function of the parameters v = f(p, a, T'). These are dual problems, since a confidence
set is an acceptance set for a sequence of the hypotheses Hy : v = 79. Let (p,@’)" be the

unrestricted OLS estimates and

(P(0), &(2)) = arg max maxlr(p,a,0)

be the restricted estimates of coefficients given the null Hy : f(p, ) = . Here

T

T 1 — a7

lr(p,a,0) = == Info —§§ e -
t=1

is the quasi-log-likelihood function. The LR statistic is LR(yy) = T'In(SSRy/SSR). It
)

is easy to verify that LR = T'log(1l + 2ic Zet) = L;et + 0,(1) uniformly. For

e Z % I also consider

simplicity, I will use LR to denote the last expression, namely
a signed version of the LR statistic LR* () = sign(f( — %) \/770 The signed
statistic can be employed to create equi-tailed confidence sets. It also can be used to
create a median-unbiased estimator as was mentioned in Gospodinov (2004).

This section considers only linear hypotheses: f(p,a) = A;p + AL, where A =
(A1, Ay) is a p x 1 vector. Since in the linear case the LR and the Wald statistics
coincide and LR = t2, it is enough to study the t-statistic in this case:

-1 -1
y Al (Zf:l XtXt/) Zle Xiey (FA) (% 23:1 FXtX;F,) \/%7 Zle FXqe

a\/ A (ZL XtXt’) A 3\/ (FAY (% ST FXtX{F’) T Fa

Consider a family of distributions indexed by two parameters, ¢ and u:

1€ 4 uy [ B N, 1)

2 f c
\/ e O
[ Je(£)dW (t)

where ¢ = W is the limit of the t-statistic for p in the local-to-unity asymptotics,

t(c,u) =

, (7)

and N(0,1) is a standard normal variable independent of Brownian motion W (t). Let

_ Ve A’F’FA (i) FA)2 .
- |f1 Z FA ’ ( )




where f; = ¢/ F'A is the first component of the vector FF'A, and f, is the vector consisting

of the last p — 1 components.

Theorem 2 Consider a sample {y:} from an AR(p) process as defined in equation (1)
with error terms satisfying assumption A. Assume that the linear hypothesis about coeffi-
cients Hy : (p, ')A = g is tested, and t(A) is the OLS t-statistic for testing this hypoth-
esis. For each value of A, p and « let u be defined as in equation (8), and ¢ = T log(|Ap]).
Then the finite sample distribution of t-statistic is asymptotically approrimated by the
distribution of the random variable t(c,u) defined in equation (7) uniformly with respect
to parameters of the process p,a and the hypothesis tested:

lim sup  sup [P, {t(A) <z} — P{t(c,u) <z} =0.
T—00 AcRP (p,a)€RsNHy

An important peculiarity of the above result is that the suggested approximation
is uniform with respect to the linear null hypothesis tested along with parameters p
and «. The intuition of the result is as follows. Under the local-to-unity assumption
the OLS estimate p is T-consistent and has a non-standard and non-pivotal asymptotic
distribution, while the OLS estimate & is v/T-consistent and asymptotically normal. The
parameter u is the measure of sensitivity of the testing problem to a potential presence
of the unit root. The value of u is equal to the ratio of the stochastic uncertainty
introduced into the estimation of v = A;p + ALa by the normally behaving coefficients
a to the uncertainty infused by the potentially non-standardly behaving coefficient p.

Assume for simplicity that one has an AR(2) process, and thus « is a scalar. If one
uses the local-to-unity modeling assumptions, pr = 1+¢/T', then u will be asymptotically

AQ‘f put on the coefficients by the hypothesis. So,

proportional to the ratio of weights
if there is a sequence of hypotheses for which A%lﬁ — 0, then no weight is put on «
asymptotically (v — 0), and I obtain the local-to-unity limit ¢ = ¢°. If, on the contrary,
% — 00, then (u — o00), that is, the short-term dynamics dominate the stochastic
component, and ¢ = N(0,1). In general, the finite sample distribution of the t-statistic
is approximated by a random mixture of the two extremes.

The uniformity of the approximation over the set of linear hypotheses will be impor-
tant since impulse responses at different horizons place different asymptotic weights on

a and p. Let fi denote the IRF at horizon k. The ratio of derivatives af £ / 9%k changes

approximately as const-k when k increases (i.e. the dependence of the IRF on p increases
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with the horizon). Consider a linear hypothesis that places weights on p and « that are
proportional to the corresponding partial derivatives. When one models the horizon &
as fixed, asymptotic normality coming from the estimation of a stochastically dominates
the non-standard stochastic component introduced by the super-consistent estimation of
p. As a result, the asymptotic distribution of the test statistic for a linearized hypothesis
about f; will be the same as if p were known. That is, this asymptotic distribution
does not depend on any nuisance parameters, and the usual bootstrap will work (Inoue
and Kilian (2002)). However, if k7 = [§7], the horizon proportionally increases with the

sample size as in Gospodinov (2004) and Pesavento and Rossi (2006), then the ratio of

Ofur 1 0fup

50 ~5a increases at speed T'. As a result, the influence of the non-standard

derivatives

distribution of p on the test statistic stochastically dominates the normal component,
and the non-standard asymptotics should be used.

When the horizon kp is changing between the two described extremes, the limit
distribution of the t-statistic is a mixture of the classical (normal) term and the non-
standard local-to-unity limit distribution ¢¢. The weights with which two distributions
enter the mixture depend on the parameter u, which is proportional to \k/_% Section 4

shows that the test statistic for the IFR behaves in the same manner as its linearized

version, and the analog of Theorem 2 holds for IRF uniformly over different horizons.

3.2 Accuracy of the restricted estimator

For the grid bootstrap discussed in the sections below, I will need the restricted estimates
of (p, a); that is, the estimates calculated under the restriction that the null hypothesis
be satisfied. In this section, I show that the parameter u introduced in the previous

section is closely related to the accuracy of the restricted estimate of c.

Lemma 1 Let us have an AR(p) process y, defined in (1) with error terms satisfying
Assumption A. Assume that the null hypothesis Hy : (p, &')A = o holds. Then uniformly
over the parameter space Rs and over the space of all linear hypotheses A € RP, the

following representation holds:

I

VTF! p=r 2 + un(u, c), (9)
a—a

where & ~ N(0,1,_1), and the vector of random variables n(u, c¢) is uniformly bounded in

probability over ¢ and 0 < u < U for any fized, positive U. That s, for any U > 0 and
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any € > 0 there exists a constant C' < oo such that

sup  sup P{[n(u,c)| > C} <e.

—00<e<0 0<u<lU

To interpret Lemma 1, consider the local-to-unity asymptotics. That is, assume
that the largest root, A\, = 1 4 ¢/T, converges to a unit root while all other roots
|IA1] < ... < |A,-1] < 9 remain fixed. In the described setting the OLS estimate p is
T-consistent, that is, T'(p — p) has a non-degenerate limit distribution depending on e,
while & is v/T-asymptotically normal. As a result, ¢ = —T #;ﬁfaj’ a natural OLS
estimate of ¢, will not be consistent. Rather it converges to a stochastic limit. Given
that the approximating family ¢(c,u) obtained in the previous section depends on ¢ in
a non-trivial way, the inability to estimate ¢ may pose a problem for making inferences.
Lemma 1 shows that the restricted estimate may be better if u is small. If I consider a
sequence of testing problems indexed by the sample size T" such that uy — 0, then I can
estimate ¢ consistently, and ur will be related to the speed of convergence.

Indeed, under the local-to-unity assumptions matrix F'~! has asymptotically a block
diagonal form. It follows from Lemma 2 that the upper left element of F'~! is asymp-
totically behaving like \/_E26 . That is, the normalization vTF~" in statement (9) treats
p and «a differently, it pre-multiplies (& — ) by +/T while it pre-multiplies (5 — p) by
T. The main message of Lemma 1 is that, unlike the OLS estimate, T'(p — p) converges
to 0 if ur — 0. That is, in such a case the parameter c is consistently estimable, and
ur characterizes the accuracy of the estimator. Therefore, ¢ = —Tﬁ% is a consistent
estimate of ¢ if ur — 0.

The intuition of this result is as follows. If uy — 0, the null hypothesis of interest
puts disproportionately large weight on the “persistence coefficient” p, and thus, it is
highly informative about p. The restricted estimator uses this information. Think about
the limit case, imagine that the null is Hy : p = pp a hypothesis about p only. It will
produce u = 0. In this case the restricted estimate is equal to the true value of p: p = po.

It also worth noticing that one is better at estimating ¢ in exactly the situations one

needs it the most. According to Theorem 2 the smaller u corresponds to the approxima-

tion that puts greater weight on the local-to-unity distribution t¢.
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3.3 Grid bootstrap and why it works

As will be shown formally in the next section, the LR* statistic for an impulse response
can be approximated by a family of distributions t(u,c) indexed by two parameters -
the local-to-unity parameter ¢ and the relative importance of normal and local-to-unity
component u. And the approximating family of distributions consists of weighted sums
of normal and local-to-unity limits. The grid bootstrap procedure, inspired by Hansen
(1999), is an attempt to base inferences on the both terms.

The idea of the grid bootstrap was initially introduced by Hansen (1999) for the sum
of AR coefficients’ confidence set construction. It has been shown that the grid bootstrap
produces uniform inference on p (Mikusheva (2007a)). Here I modify Hansen’s (1999)
idea for the IRF.

The key problem here is that the local-to-unity parameter ¢ needed to produce valid
critical values cannot be consistently estimated by OLS. The idea behind the grid boot-
strap is to use the information contained in the null hypothesis whenever one is tested.
The restricted estimate under the null tends to be better, and in fact, sometimes will
even be consistent.

The grid bootstrap procedure is as follows. To test the hypothesis Hy : f(p, &) = 7o

based on a sample Y = (y1, ..., yr) one should:

(1) calculate the test statistic W (Y7) (in our case W (Y7) is either LR or LR*) and the

restricted estimates (p, &) from the sample Yr;

(2) simulate samples Yy, = {y; 1, .., Y51}, b =1,..., B from an AR(p) with coefficients
(p,a) and errors drawn randomly with replacement from the OLS residuals or
simulated from the standard normal distribution, that is,

p—1
yg,t = ﬁyb,t—l + Z fijAy;‘_j + 5Z,ta
j=1
where ¢, are L.i.d. The number of simulations B handles the accuracy of quantile

simulation and should be large.
(3) for each simulated sample, Y}*;, calculate the test statistic wy, = W (Y;'7);

(4) sort wy in ascending order: w(;y < ... < w(py. Perform the test by comparing the

test statistic W (Yr) with the quantiles of the simulated distribution of W (Y7). If
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one uses the LR statistic, then the test accepts whenever W(Yr) < w(pa—a))) (here

|z| stays for the whole part of #). When LR is used, the test accepts whenever

W(|Bay2)) < W(Yr) < W(|B(1-a/2)])-

As an asymptotically equivalent way of realizing grid bootstrap,* one may substitute

steps (3) and (4) with the following step

(3”) calculate the implied values of ¢ and @ using formula (8) and ¢ = —Tlfiﬁaj. Then

find quantiles of the distribution #(¢,@) for the LR* statistic or of distribution
t(¢,w)? for the LR statistic.

The needed quantiles of ¢(c,u) and t(c,u)? may be tabulated and stored for a fine grid
of values of ¢ and u to improve the speed of the algorithm. The algorithm with step (3’)
is less computationally intensive, but it may have less favorable finite-sample properties,
since the bootstrap tends to provide a second-order improvement in the classical setting,
which may be important for non-linear functions.

If one wants to construct a confidence set for the parameter v = f(p, «) via the grid
bootstrap, then one has to test all possible hypotheses Hy : f(p,a) = 70 as described
above. The confidence set consists of all 79 for which the corresponding hypothesis is
accepted. Notice that for different 79 one must use different critical values since the
corresponding restricted estimate (p(7g), @(70)) changes. In practice this is accomplished
on a fine grid of vy. In our extensive simulation experiments we have never observed
a disjoint confidence set for an IRF. Even though I do not formally prove that the
confidence set is an interval, if one agrees to use it as an assumption, then the task is
to find the two ends of the confidence interval. This task can be solved with very high
accuracy at a relatively low computational cost if one uses the bisection method. The
OLS estimator always belongs to the confidence set, as LR statistic is equal to zero, and
the corresponding hypothesis is accepted. If one wants to find the left end of the interval,
one should move to the left from the OLS estimator with a step of length one until the
hypothesis is rejected. In such a way one finds the interval of unit length containing the
left end of the confidence set. Then one has to divide the resulting interval into halves,
test the middle point and determine to which half the end point belongs. The division

should be repeated several times until the desired accuracy is achieved.

41 am grateful to an anonymous referee for pointing this out.
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The grid bootstrap approximates the finite-sample distribution of the LR statistic by
t2(¢,u) and the distribution of LR* by t(¢,u). Unlike the classical bootstrap, the grid
bootstrap uses the restricted estimates (p, @) to simulate the critical values, while the
classical bootstrap uses (pors, @ors). OLS produces an always-inconsistent estimate of ¢
with a large bias in a stationary direction, while the restricted estimate can be consistent
in some situations, in particular when upr — 0.

Lemma 1 shows that the accuracy of the restricted estimate is directly connected with
u. The impulse response at long horizons (small u) heavily depends on the persistence p,
and thus, the null hypothesis about it contains a lot of information about p. This allows
one to estimate ¢ well, and the grid bootstrap critical values are close to correct. A
hypothesis about a short horizon impulse response does not contain as much information
about the persistence, but a good estimate of ¢ is not as needed either, since both the
sample and simulated statistics are asymptotically close to x? (normal) anyway. In
principle, problems could arise for medium horizons. Results from the simulation of the
asymptotic size of the grid bootstrap reported in Section 6 show that the size distortions

are relatively small.

4 Inferences about Impulse responses

In the previous sections, I circumvented non-linearity issues by assuming that the pa-
rameter of interest is a linear function of the coefficients. One of the implications of this
assumption is that the Wald statistic is equal to the LR, and the t-statistic is equal to
LR*. However, the IRF is a very non-linear function of the coefficients, and the degree
of non-linearity increases with the horizon. This section examines uniform asymptotic
approximations of the LR and Wald statistics for IRFs. Our goal is to obtain an asymp-
totic approximation that is uniform over the parameter space, s, as well as over all

possible horizons of the impulse response.

4.1 LR statistic for IRF

Let fx(p, @) be the impulse response of an AR(p) process with parameters (p, «) at the
horizon k; that is, fr(p, o) = &thk' Let £ be the set of all impulse response functions:

L={frlp,a),k=1,2,..}. Let LR(f,v) be the LR statistic and LR*(f,~o) be the LR*
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statistic for testing the null Hy : f(p, @) = 79. The theorem below shows that the LR test
for IRFs is asymptotically uniformly approximated by the same family of distributions

as LR statistics for the linearized hypothesis.

Theorem 3 Assume {y;} is an AR(p) process defined as in (1) with error terms sat-
isfying Assumption A. Assume the null hypothesis Hy : f(p,a) = o holds. Let A =
of

W(p, a) and u be calculated as in (8). Then

lim sup  sup ‘Pp,a {LR(f, ) <z} —P {t(Q u)? < x}‘ =0,

T=00 fer (p,a)eRrsnHo

lim sup  sup ‘Pp,a {LRi(f, o) < x} — P{t(c,u) < x}! = 0.
T—00 fer (p,a)eRsnHo

The non-linearity of the IRF does not matter asymptotically if the LR statistic is
used. The same asymptotic approximation holds as for the linearized versions of IRFs.
The most important feature of the above stated approximation is that the approximation
holds uniformly over the horizon as well as over the parameter space; that is, it works
well for short, long and medium horizons, no matter how one defines them.

The LR statistic has one obvious drawback; it is not robust to heteroskedasticity.
One way to robustify the inferences to conditional heteroskedasticity is to consider the

GMM-based distance metric statistic®
DMy = Qr(0) — Qr(0),

where 0 = (p, '), Qr(0) = e(0) X' Xe(d), X = (Xp1,...X7) isa (T —p) xp
regressor matrix, 0y = %ZtT:pH X, X/e2(), e(d) =Y — X0, 0 is the OLS estimate, and
0 is the restricted estimate of #. Many of the results pertaining to IRF inferences can
be directly generalized to conditionally heteroskedastic processes. The interested reader

should refer to the Supplementary Appendix for more details.

4.2 1IRFs in a VAR with a potential unit root

In this section, some results of the paper are generalized to VAR systems in which at
most one near unit root is present.

Consider a k-dimensional VAR(p) process

Yy = Blyt—l + + prt—p ‘I— Ct. (10)

°In the context of testing IRFs, the Distance Metric statistic was mentioned in Gospodinov (2004).
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Imagine for simplicity that one knows the co-integration (near co-integration) relation
and can locate the problematic root. That is, assume that the first component y;,
has a local-to-unity root, while all other components y_1; = (Y24, ..., Yr)" are strictly
stationary. Formally, assume that the VAR lag polynomial B(L) = I, — ByL— ... — B, L
can be factorized in the following way B(L) = (I — diag(),0, ...,0)L)B(L).

Assumption VAR1

(i) All roots of the characteristic polynomial B lie strictly inside and are bounded
away from the unit circle. In particular, the process x; given by B(L)z; = e; can
be written as an MA (o0o) process ; = ©(L)e; = Y2 e, ; with MA coefficients

satisfying the following condition: » 72 j[|©;[| < oo, where [|©;]| = | /trace(6;6).

(i) yr = Aye—1+a4,y0 = 0, where A = diag(A, ..., 0); that is, y1p = Ay1—1+ 214 Y-14 =
x_14. The problematic root A is local-to-unity, A = Ay =1 — ¢/T.

(iii) e; is a martingale-difference sequence with respect to the sigma-algebra F;, with

E (e:€}|Fi—1) = Q and four finite moments.

The assumption above is a direct generalization of the local-to-unity asymptotic embed-
ding to a multivariate setting. If Assumption VAR holds, the OLS estimator of the
regression in (10) has non-standard asymptotic behavior due to some linear combination
of coefficients being estimated super-consistently. A survey of local-to-unity multivariate
models can be found in Phillips (1988).

Let us interest ourselves in testing a hypothesis about the coefficients Hy : f(By, ..., Bp)
0. The following statistic is a generalization of the LR statistic to the multi-dimensional

case:

LR =T -trace(Q1 (2 —Q)) (11)

with Q(B) = 3 (B(L)y)(B(L)y.)', @ = Q(B),Q = Q(B), where B is the OLS
estimator of coefficients in regression (10), while

B = arg min Ttrace(QH(Q — Q(B)))

B:(Blv7BP)f(B):O
is the restricted estimator.
Consider a hypothesis about the impulse response of the nearly-non-stationary series

Y1+ to the jth shock at the horizon h, denote it 6;, = esh - Assume that the horizon

Oej
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h = [q\/T ] is increasing in proportion to VT. This embedding implies that u converges
to a constant in the AR(p) case and delivers the mixture of local-to-unity and normal
distributions as the limit distribution of the LR* statistic. Lemma 4 in the Supplemen-
tary Appendix points out that the linearized hypothesis about such an impulse response
puts v/T—increasing weight on the coefficients estimated super-consistently relative to
the weights put on the asymptotically normal coefficients on the stationary regressors.
Let A = %. Let the hypothesis Hy : A’B = o be the linearized version of the hypothesis
Hy: 0, = .

Theorem 4 Lety, be a kx1 VAR(p) process satisfying Assumption VARI1. Assume that
the linearized version of the hypothesis Hy : 0, = %ﬁh = 7o at the horizon hy = q\/T
Js

is tested using the statistic defined in equation (11). Then LR = (t(u,c))? as T — oo

for some wu.

Theorem 4 states that in the multivariate VAR model with at most one local-to unity
root the asymptotic behavior of the LR test statistic for the impulse response at horizon

proportional to /7T is of the same nature as the corresponding statistic in the univariate

AR(p).

4.3 Wald statistic for the IRF

It is well known that different statistics behave differently for very curved parameters.
The t-statistic is not invariant to a monotonic transformation of the null-hypothesis or
a re-parametrization of the model. Gregory and Veall (1985) showed that the results
of the Wald test can change dramatically under a monotonic transformation of the null
hypothesis. The LR test, however, is invariant to such transformations.® Hansen (2006)
shows that in a classical OLS setting that the GMM-distance statistic (of which the LR
statistic is a special case) is second-order better approximated by a y?-distribution when
compared to a Wald statistic.

Below I show that the approximation as stated in Theorem 3 for the LR statistic

does not hold for the Wald statistic. For simplicity, the problem is illustrated in an

5Due to the invariance of the LR statistic to monotonic transformations, the LR statistic for a test
about an IRF in an AR(1) model is equal to the LR statistic for a test about the coefficient p only. The

validity of the grid bootstrap for such a test in an AR(1) model is proven in Mikusheva (2007a).
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AR(1) model. A treatment of the more general AR(p) case is left to the Supplementary
Appendix.

Consider an AR(1) process in a classical setting; that is, v, = py;—1 + €, with 0 <
p < 1 being fixed, and the sample size growing to infinity. Consider an IRF fi(p) = p*
where the horizon is modeled as changing with the sample size kp = [v/T]. In this case

dfg—gp) = kp*~!, and I can write the t-statistic (Wald statistic equals a t-statistic squared).

- l{?Tp \l Af 1 v

Since |p| < 1 is fixed, p —* p and VT(p — p) = N(0,(1 — p*)~1). I can re-write the

t-statistic as follows:

1
t=|1-(1+ -
( VT p

Since (1 + \%)ﬁ — €% as T'— oo uniformly over |z| < C for any positive constant C,

£ (exp <\/1;—7§> - 1) \/1%7,

where £ ~ N(0,1). The limit distribution is not normal, as one might have expected.

one obtains that

The limit distribution of the t-statistic does not belong to the family of distributions
t(u,c). This implies that the approximating family of distributions for the t-statistic
(or Wald statistic) for a highly non-linear hypothesis may differ from that for a linear
hypothesis. This section demonstrated that handling the t-statistic (Wald statistic) for
a highly non-linear null hypothesis is a more delicate task than dealing with LR-type

statistics. I leave finding approximations for Wald statistics for future research.

5 The Asymptotic Size of Different Methods

Section 4 establishes a uniform approximation for the LR, and LR* statistics for testing
hypotheses about impulse responses. The suggested asymptotic approximation holds uni-
formly over the horizon of the impulse response. In this section, I discuss the asymptotic
size properties of some known methods for impulse response inference.

Let Y = {yi1,...,yr} be a sample from an AR(p) process described in (1) with error
terms satisfying Assumption A. The hypothesis Hy : f(p, a) = 7 is tested, where f € A.
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In our case, A is the set of impulse responses. Let (Y, f) € {0,1} be a test of Hy (if
1 (Y’) = 1 the test will reject the null). Then the finite sample size of ¢ is E, ,9(Y, f). The
uniform approximation obtained before allows one to characterize for many known tests
how well the test maintains size asymptotically. The characterization is done through
the function ¢(c, u) such that:

lim sup  sup |E, (Y, f) — ¢(c,u)| = 0.

T—00 feA (p,a)eRsNHo
A test that maintains its size uniformly well for all parameter values and all functions
from A would have ¢(c,u) < ¢ for all ¢ < 0 and u > 0, where ¢q is the declared size. Tt
should be emphasized that ¢(c,u) characterizes the asymptotic size of a procedure. The
finite sample size properties are discussed in Section 6.

Table I provides the values of the parameter u for tests of the impulse response at
different horizons in the AR(2) model. One can observe that u becomes very close to 0, i.e.
the majority of the weight is put on the local-to-unity term, when the horizon increases,
however, u is large at shorter horizons, especially when there is a positive second root.
Due to the fact that the impulse response is a non-linear function of coefficients, the
value of u depends on both roots. As Table I shows, u is an increasing function of both

roots in the AR(2) case.

h=2|h=3|h=4|h=5|h=10| h=15

A=099 p=-06 1.2 1.7 0.2 0.9 0.1 0.1
pw=-0.3 1.3 1.6 1.0 0.8 0.4 0.2

w=20 3.4 2.2 1.6 1.3 0.6 0.3

n=0.3 5.9 3.9 2.8 2.2 0.9 0.5

©n=0.6 9.6 7.1 0.4 4.3 1.8 1.0

A=098 p=-06 1.0 1.2 0.3 0.5 0.0 0.1
pw=-0.3 0.8 1.0 0.6 0.5 0.1 0.0

pw=20 24 1.5 1.1 0.8 0.3 0.1

nw=20.3 4.1 2.7 1.9 1.5 0.5 0.3

©n=0.6 6.8 4.9 3.8 2.9 1.2 0.6

Table I: Value of u for a hypothesis about the impulse response at horizon h for an AR(2) process with
roots A and p. A simplified explicit formula for » in the AR(2) model can be found in the Supplementary
Appendix.

Let g, ;(c, u) be the do-equi-quantiles of statistics ¢(c, u); that is, P{t(c,u) < g}, ,(c,u)} =

¢o/2 and P{t(c,u) > g} ,(c,u)} = ¢o/2. Also let i (c,u) be the 1 — ¢ quantile of
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t*(c,u), that is, P{t*(c,u) > q} (c,u)} = ¢o.

5.1 Classical bootstrap

The classical bootstrap is the following procedure. One estimates the coefficients (p, @) by
OLS and calculates the test statistic (signed or squared). Then one simulates an AR(p)
model with coefficients (p, @), calculates the test statistic for the simulated model, and
computes its quantiles.

As a direct corollary of Theorem 3 the asymptotic size for the bootstrap of the LR is

¢(c,u) = P {tQ(c, u) > q(‘;‘g (u, E)} :

and for signed statistics is

dle,u) = 1= P {qg,1(8,8) < t(c,u) < g, (1, 0)} .

~ L Te@)dw (t)
Here ¢ = ¢ + W

t(c,u), where W(t) and J.(t) are the same as in the definition of t(c,u) (see (7)), and
=u

is a random variable defined on the same probability space as

=5

o
=

rejection rate if bootstrap cv used
o
N
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Figure 1: Rejection rate of the classical bootstrap LR test. The nominal significance level is 5%. A

linear trend is assumed. Based on 5000 simulations.

It is interesting to note that even though the bootstrap was initially justified for

impulse responses by proving that the t-statistic converges to a normal distribution, it

21



©
~

o
[

©
i

rejection rate if bootstrap cv used
o
N

oo
Vi

Figure 2: Rejection rate of the classical bootstrap LR* test. The nominal significance level is 5%. A

linear trend is assumed. Based on 5000 simulations from an asymptotic distribution.

eventually uses approximation with both terms through simulations. It employs the OLS
estimates of ¢ and u, rather than the true values (which are not known). It is well-known
that the OLS estimate of ¢ is not consistent. In fact, ¢ is asymptotically highly biased
to the left, thus the estimated model looks more stationary than it actually is. The
OLS estimate u tends to somewhat overestimate u, and thus, it puts more weight on the
stationary component than it should. Both facts lead to size distortions, which become
unimportant if either ¢ — —oo (very stationary series) or u — oo (hypothesis is about
stationary coefficients only). The function ¢(c, u) for the bootstrap applied to signed and

squared statistics is depicted in Figures 1 and 2. It has very significant distortions.

5.2 Gospodinov’s method

Here I consider a method for constructing a confidence set that was suggested by Gospodi-
nov (2004). For the null hypothesis Hy : f(p, ) = 79, one calculates the LR test statistic
(signed or unsigned) and the restricted estimates (p, ). One also calculates the implied
value of the local-to-unity parameter ¢ corresponding to the restricted estimates of the
coefficients. The test compares the value of the statistic with the quantiles of the local-

to-unity limit ¢¢ (or (£€)?) evaluated at ¢. Gospodinov’s method uses only t¢ = t(c,u = 0)
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ignoring the stationary part of t(c, u).

Gospodinov (2004) based his method on asymptotic approximations obtained under
the assumption that the length of the horizon is proportional to the sample size, kr =
[0T]. This corresponds in our notation to ur — 0, and it leads to using quantiles of
t® = t(c,u = 0). Gospodinov (2004) checks the robustness of the method in a Monte-
Carlo study, and he finds that his LR test becomes conservative on short horizons. He
also notices that the rejections of the LR tests are mainly one-sided and suggests using

the signed statistic LR*.

0.4

0.3

0.2

rejection rate, Gospodinov 1-sided

Figure 3: Rejection rate of Gospodinov’s LR test. The nominal significance level is 5%. A linear trend

is assumed. Based on 5000 simulations.
As a direct corollary of Theorems 2 and 3 and Lemma 1, one has that for the LR test
¢(c,u) = P{t*(c,u) = qq (G u=0)}

and for LR*:

p(e,u) =1 — P{q}, (¢, u=0) < t(c,u) < qj, 5 (G,u=0)},

where ¢ is defined as the right side of (9).
To understand the size properties of Gospodinov’s method several facts should be
taken into account: 1) if u # 0, then ¢ is biased negatively; 2) the distribution of (¢¢)? first-

order stochastically dominates the distribution of (£1)? if —c < —c;; 3) the distribution of
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(t€)? first-order stochastically dominates x?; 4) distributions ¢ and N (0, 1) have different
locations.

First, let us consider the LR statistic. From 1) and 2) one might expect that there
would be slight over-rejection for small non-zero values of u, since for those values of u the
persistence is slightly underestimated. For relatively large values of u (that correspond to
moderate or short horizons) the true distribution of the LR statistic is a squared mixture
of t¢ and normal, but the quantiles of the local-to-unity distribution are used, which
in light of fact 3) are larger. As a result, Gospodionov’s method for the LR statistic is
conservative at medium and short horizons. This fact was observed before in simulations,
but only now has received any explanation.

Now let me turn to the signed statistic LR*. In light of fact 4), one should expect
that Gospodinov’s (LR*) should over-reject when u is high (short horizons) and c is close
to 0 (persistent case). The rejection rate increases with u and at the limit (¢ = 0,u = c0)
becomes close to 40% (for a 5% declared level). The conservativeness of the method for

the LR and over-rejection of the LR* are demonstrated on Figures 3 and 4.

©
>

o
w

o©
i

rejection rate, Gospodinov 2-sided
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o

Figure 4: Rejection rate of Gospodinov’s LR* test. The nominal significance level is 5%. A linear trend

is assumed. Based on 5000 simulations.
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Figure 5: Rejection rate of grid bootstrap LR test. The nominal significance level is 5%. A linear trend

is assumed. Based on 5000 simulations.
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Figure 6: Rejection rate of grid bootstrap LR* test. The nominal significance level is 5%. A linear

trend is assumed. Based on 5000 simulations.

25



5.3 Grid bootstrap

As we have seen above, the classical bootstrap approximates the finite sample distribu-
tion of the test statistic by a mixture of the ¢(c, u)-type, but it uses a very biased estimate
of ¢ (éors). The bias of the estimate is particularly bad when the process is very persis-
tent. The highest distortions of the classical bootstrap happen when the local-to-unity
distribution has the highest weight (u = 0). Gospodinov’s method uses a better estimate
of ¢, the restricted estimate ¢. The estimate ¢ is especially good when w is very close to
0 (Lemma 1). The idea of marrying the two methods in order to fix the drawbacks of
each is realized in the grid bootstrap. The procedure is described in Section 3.3, and it
approximates the unknown finite-sample distribution of the test statistic by (¢, u) for

squared and by (¢, u) for signed statistics.

Maximal actual size Nominal size
0.025 | 0.05 | 0.1
1-sided(LR) 0.052 | 0.099 | 0.18
2-sided (LRY) 0.036 | 0.064 | 0.12

Table II: Maximal over u and ¢ asymptotic size of grid bootstrap procedure for a given nominal size.

Based on 10000 simulations.

The potential usefulness of the grid bootstrap is that if 0 < u < oo, then the asymp-
totic distribution of both the sampled and simulated statistics will have the classical and
local-to-unity terms, unlike the delta-method or Gospodinov’s method that have only
one of the two terms.

Note that if u is close to zero, the estimator ¢ is extremely precise, and the critical
values are close to being correct. If u is large enough, then both the sample and simulated
statistics are asymptotically close to x? (normal), and the coverage is close to the declared
coverage. In principle, problems could arise for intermediate values of u. For a series
of experiments that keeps u # 0 constant, the estimate of ¢ is not consistent. As a
result, the grid bootstrap does not deliver the asymptotically correct size uniformly, if
uniformity is required over two directions simultaneously: over the AR parameters and
over the hypothesis tested (in this case the horizon of the IRF). As shown in this paper,
no existing procedure is uniform over both dimensions. What we show below is that the
size distortions of the grid bootstrap are very small and in this sense the grid bootstrap

dominates all currently known procedures. Moreover, the grid bootstrap is uniformly
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asymptotically correct if uniformity is required only with respect to the AR parameters.

Simulation results of the asymptotic size of the grid bootstrap appear in Figures 5
and 6. One can see that the grid bootstrap does not to maintain the size uniformly well,
but at the same time the size distortions are relatively small. As mentioned above, due
to the asymmetry of the limit distribution, the LR*-statistic based equi-tailed interval
has better size properties than the symmetric one. The maximum asymptotic size of the

grid bootstrap at different nominal significance levels is reported in Table II.

6 Simulation study.

The comprehensive simulation study of Pesavento and Rossi (2007) compared coverage
(size) of classical methods for performing inference on impulse responses such as the delta-
method, pretest and bootstrap, as well as methods based on a linearly-growing horizon
such as Wright (2000), Gospodinov (2004) and Pesavento and Rossi (2006). Many of the
observations of Pesavento and Rossi (2007) are explained and theoretically justified in
previous sections.

The main aim of this section is to complete and refine Pesavento and Rossi’s (2007)
study by exploring the finite-sample properties of the grid bootstrap introduced in this
paper. I intend to answer the following two questions: what are the finite-sample size
(coverage) properties of the grid bootstrap? If the grid bootstrap is better at controlling
size, will it provide any gain in terms of length of the corresponding confidence sets when
compared with conservative procedures?

I compare the grid bootstrap with Gospodinov’s method. In Table III, I report the
coverage for sample size of T' = 500, while in Table IV the coverage and the average
length of confidence sets for a sample size of T = 250 are reported. In both cases, the
samples are generated from an AR(2). The largest root u is chosen to produce the same
local parameter ¢ = 5 in both cases: in particular, g = 0.99 for Table III and p = 0.98 for
Table IV. The second root takes values inside the unit circle A = —0.6, —0.3,0,0.3, 0.6.
A linear time trend is assumed. I denote as h the horizon of the corresponding impulse
response. The nominal level of all procedures is 90%. For calculation of coverage it is
enough to merely simulate the acceptance rate for the test of the true value; no grid
search is needed. I report coverage probabilities based on 1000 simulations. The average

length of confidence sets in Table IV is calculated based on 100 simulations.
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AR roots method statistics horizon
h=1 | h=3 | h=5 | h=10 | h=15 | h=20 | h=30
w=0.99 | Grid bootstrap LR 0.90 | 0.87 | 0.87 | 0.90 | 0.90 | 0.90 | 0.89
A=—-0.6 LR* 0.91 | 090 | 0.89 | 090 | 092 | 0.91 | 0.89
Gospodinov LR 095 | 092|089 | 089 | 090 | 090 | 0.88
LR* 0.77 1 0.82 | 0.87 | 0.90 | 091 | 0.90 | 0.89
w=10.99 | Grid bootstrap LR 0.90 | 0.89 | 0.87 | 0.89 | 0.90 | 0.89 | 0.88
A=-03 LR* 0.89 | 091 | 0.89 | 091 | 090 | 091 | 0.88
Gospodinov LR 0.96 | 091 | 0.90 | 0.90 | 090 | 0.89 | 0.88
LR* 0.73 | 0.84 | 0.84 | 0.86 | 0.89 | 0.91 | 0.88
w=0.99 | Grid bootstrap LR 0.89 | 0.89 | 0.87 | 0.88 | 0.90 | 0.90 | 0.90
A=0 LR* 0.89 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90
Gospodinov LR 096 | 094 |1 092 | 089 | 0.89 | 0.90 | 0.89
LR* 0.74 | 0.80 | 0.82 | 0.86 | 0.87 | 0.89 | 0.89
pw=0.99 | Grid bootstrap LR 0.90 | 0.89 | 0.90 | 0.86 | 0.90 | 0.89 | 0.91
A=0.3 LR* 091 | 090 | 092 | 0.88 | 090 | 0.90 | 091
Gospodinov LR 097 | 095|095 | 088 | 090 | 0.89 | 0.90
LR* 0.72 | 0.77 | 0.80 | 0.80 | 0.88 | 0.89 | 0.90
w=0.99 | Grid bootstrap LR 0.89 | 091 | 0.88 | 0.88 | 0.89 | 0.88 | 0.90
A=0.6 LR* 0.890 | 0.90 | 0.88 | 091 | 091 | 0.90 | 0.91
Gospodinov LR 096 | 095|092 | 089 | 0.89 | 0.87 | 0.89
LR* 0.74 | 0.75 | 0.79 | 0.84 | 0.88 | 0.87 | 0.90

Table ITII: Comparison of the finite-sample coverage for Gospodinov’s method and the grid bootstrap
(LR and LR¥ statistics). Samples of size T' = 500 are taken from an AR(2) with roots p and \ and
standard normal errors. A linear trend is assumed. The nominal coverage of all procedures is 90%.

Based on 1000 simulations.

According to our theory, the grid bootstrap should control size very well for short
and long horizons but display some small distortions on medium horizons. As expected,
the grid bootstrap controls size relatively well for both LR and its signed version, LR*.
The results of Gospodinov’s method are essentially indistinguishable from those of the
grid bootstrap on long horizons for both statistics. The horizon for which the results of
the two methods start to look alike depends on the both roots, for Table III it happens
around horizons 10 or 15, while for Table IV it starts from horizons 5 or 10. The two
procedures produce more close results if the second root is negative. On short horizons
Gospodinov’s method has size distortions for the LR* statistic, while it is somewhat

conservative for the LR statistic, as expected from Section 5.2.
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Gospodinov’s | Grid bootstrap | Gospodinov’s | Grid bootstrap

coverage coverage length length
I A LR | LR* LR LR* LR | LR* LR LR*
0.98 | -0.6 0.95 | 0.77 | 0.90 0.90 024 | 017 |0.20 0.19

0.90 | 0.84 | 0.88 0.89 025 | 0.19 | 0.24 0.20
0.90 | 0.90 | 0.90 0.91 0.26 | 0.20 | 0.26 0.21
10 |1 0.88 | 0.88 | 0.89 0.89 0.36 | 0.29 | 0.36 0.29
151089 | 0.88 | 0.89 0.89 042 | 035 | 043 0.35
0981-03| 1 |09 | 0.76 | 0.89 0.90 027 | 0.19 | 0.22 0.19
31089 | 0.88 | 0.88 0.91 026 | 0.20 | 0.25 0.21
51089 089 | 0.89 0.91 0.31 0.25 | 0.31 0.25
10 | 0.90 | 0.90 | 0.90 0.91 044 | 035 | 0.44 0.35
151088 | 0.88 | 0.89 0.89 054 | 0.46 | 0.54 0.47
098 | 0 11095 | 075 | 0.89 0.89 0.28 | 0.20 | 0.22 0.21
31088 | 0.83 | 0.86 0.89 033 | 027 | 031 0.27
5 1091 086 | 091 0.91 043 | 0.36 | 0.42 0.37
10 1 091 | 0.90 | 0.92 0.91 0.61 0.52 | 0.62 0.53
151089 | 0.90 | 0.90 0.91 0.70 | 0.60 | 0.72 0.61
098103 | 109 | 074 |0.89 0.89 027 | 0.18 | 0.22 0.19
31092 081 0.89 0.88 0.50 | 0.41 | 045 0.41
5 1089 085 | 0.88 0.91 0.64 | 0.57 | 0.60 0.56
10| 0.88 | 0.89 | 0.89 0.91 087 | 0.73 | 0.88 0.73
151089 | 090 | 091 0.91 1.02 | 0.89 1.05 0.90
098106 | 1 |093] 0.75 | 0.88 0.89 022 | 015 | 0.17 0.18
31094 ] 079 | 0.89 0.91 0.70 | 0.53 | 0.59 0.56
51090 | 080 | 0.88 0.89 1.02 | 085 | 0.94 0.87
101 0.86 | 0.86 | 0.88 0.91 1.56 1.49 1.55 1.48
151090 | 0.89 | 0.92 0.92 1.86 1.69 1.91 1.69

(& U =

Table IV: Comparison of Gospodinov’s method and the grid bootstrap in terms of the coverage and
length of the corresponding confidence set. The samples of size T = 100 are taken from an AR(2)
with roots p and A and standard normal errors. A linear trend is present. The nominal coverage of all

procedures is 90% Number of simulations for coverage is N = 1000, and for the length N = 100.

Table IV answers our second question comparing the length of the resulting confidence
sets. Again I compare the grid bootstrap with Gospodinov’s method. One can make
several observations. First, using the LR* rather than the LR statistic is beneficial in
terms of the length of the confidence set. It is due to the asymmetry of the signed statistic

LR*, which translates to the observation made by Gospodinov that almost all rejections
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for LR are made on one side of the alternative. Second, the length of the grid bootstrap
LR confidence set at horizon 1 is around 20% shorter than that of Gospodinov’s LR
confidence set. The difference in the length between the two methods for the LR statistic
essentially disappears after horizon 3. The third observation is that the grid bootstrap
LR* in most cases produces intervals of the same average length as Gospodinov’s LR*
method, while coverage of the grid bootstrap LR* confidence set is much better than

that of Gospodinov’s LR* due to better centering.

7 Appendix.

Lemma 2 Let F' be a lower-triangular matriz as defined in Section 2.3. Then there exist

constants Cy; > 0 and Cy < oo such that for all (p, ) € Rs the following holds:

(i) Fi1 = C—”lfp;, where Cy < C(p,a) < Cy, and lim, ., C*(p,a) = .

(a AT A1)’
(ii) Fii = (1 — p*a;_1(p, ), where |a;(p,a)| < Cs.

Proof of Lemma 2. By definition,

1—pL+ pi:ajy'u —L)=(1-XM\L)...(1 =\, L)

j=1

with [A\;| < ... < |\,|. Notice that 1 — p = (1 — A1)...(1 — Ap). I divide the parameter

space R into two regions Ar = Rs N (|Ay| > 0 +¢) and Br = Rs N (|A,] <5 +¢).
Assume that (p,«) € Ap. Then A, is real and positive (see the definition of Ry).

Consider a strictly stationary process u; with (1 — \L)...(1 — A\p-1L)uy = e, and

Yt = NpYi—1 + u, Yo = 0. The process u; has absolutely summable auto-covariances

Vit Do 175l < C(6) < 0o (Lemma 8 (b) in Mikusheva (2007b)).Then,

11m Var(g:) i i AT B (uy—ju—;) QZ Z N+ Z Ao =

=0 j= =0 j=i+1

% +2 Z )\p%

It is easy to show that the expression 7y +2 ) .-, )\’;% is bounded from above and away

from zero uniformly over fRs.

As a result
1 /— 1= p?
V0imy oo Var(yt) ; P C(p, )
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Clp,a)* = (1 — N\p)...(1 = )\p_l)llJrL/\‘;(% + 230, NA,). Given that || < 6 for i =
l,..,p—1and A\, > § + ¢ it is easy to see that C(p,«) is uniformly bounded and
separated from zero uniformly over Ar.

Notice that for p — 1 one has A\, — 1 and

1
L= M)2 (1= Ay )?

[ee) o0
Fo+2) MI—TFo+2) Fi=
h=1 k=1

The last equality is a formula for the long-run variance for an AR(p-1) process u;. From
the formula for C'(p, ), one has C(p, a)* — m

Next consider (p,a) € By. Then (1 —p) > (1 — (6 + €))P. Since lim;_o, Var(y;) is
uniformly bounded and separated from zero uniformly over Br(Lemma 8 in Mikusheva
(2007b)), the first half of statement (i) holds uniformly over Br.

Part (ii): Again consider (p,a) € Ar. The matrix F is obtained as the limit (as
t — 00) in a process of orthogonalization of (yi—1, AY—1, ..., AYi—pt1), and as a result,
cov(Ge—1,A9t—i)

F1i+1 = lim s 1= ]., P — 1. Notice that Agt—j = gt—j _gt—j—l = Ut—j — (]. —

Var(ye—1)
/\p)gt—j—li
E(/yvtflutfj) Cov(gtflagtfjfl)
Fi == — 1—X — =
titd Var(y:) ( ») Var(y,—1)
(1+ Ap) E(g—1ue—;) ~ ) 2
=(1-A ~ ) ~ - -1y Yt—j— =(1- i
(1) (25— core(is ey ) = (1= )
So,

1
T—A)o(l—Apy)

o ((1 + M) E[irury)
! 'AY/O +2 220:1 A];:Y/k

Since |corr(Yi—1, Ye—j—1)| < 1,

- 007”7"@7:—17 gt—j—l)) (

| EGerue—)| = 1Y NFi—ical ) Fjmima] < 2C(0).
=0 =0

This proves (ii).

Proof of Theorem 1. I divide the space into two regions, as in Mikusheva (2007a),
Ar = {(p,a) € Rs : |1 — p| < T71)} for some fixed and positive e > 0 and By =
{(p,a) € Rs : |1 — p| > T714)}. The former is called the local-to-unity region, and the
latter is the stationary region. Lemma 12 in Mikusheva (2007b) states that uniformly
over the stationary region By the classical CLT and Law of Large Numbers hold. Namely

lim sup sup
T—00 (p.a)eByr z€RP

=0,
VT

T—j
1
P,q {— > FXpe < :c} — P{N(0,1,) < z}
t
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and for any x > 0

T—j
1
lim sup P, {HTZFXthF’_[p
t

=0 (p,a)eBr

>:17}:O.
2

1
\/—26/ )= N(0,1) and (—20)/ J2(t)dt —P 1 as ¢ — —o0.
0

According to Phillips (1987)

We also have that g(c)(—2¢) — 1 as ¢ — —oo. Finally, notice that for ¢(T,p,a) =
Tlog(|Ap]), inf(payeny c(T, p, o) — —00 as T' — oo. Putting all of the statements above
together one can see that (4) and (5) hold uniformly over the stationary region Br.
Now let us turn to the local-to-unity region Az. Since p — 1 uniformly over Az one
can guarantee that for some large 7" the root |\,| > ¢ and thus it is not complex and is
positive (see the definition of the parameter space PRy). As a result, one can represent
our process as Yy = A\pyi—1 + uy with (1 — A\ L)...(1 — A\p_1L)u; = e;. T apply Lemma 3.1
of Phillips (2007) to u;. It says that there exists on some expanded probability space
a realization of all random variables u; and Sj = Zle u; and a Brownian motion B(-)

with variance w? that is equal to the long-run variance of w,, such that

sup
0<k<T

i _ _ o (T-1/2+1/4
= B<k/T>'— (T1/21/%) (12)

In our case w? = o2 (o) = lim,_; C*(p, ).

From (12) one obtains statements (g) and (h) of Lemma 4 in Mikusheva (2007a)
and following the proof of Lemma 5 (d) and (e) in Mikusheva (2007a), one obtains that

uniformly over Arp:

1—)\2 d 1
Zyt 1= )/0 J02<t>dta

and for any fixed j > 1

/1—/\ P !
Zyt g 2 oo J.(t)dw(t). (13)

I note that C(/(};)f;—?lim — 1 uniformly over Ap. For the last statement I observe
’ P

that p — 1 and thus A\, — 1 over Ay, (1 —p*) = (1+p)(1 — A\y)...(1 = \,), and I use

statement (i) of Lemma 2 and the formula for w. I obtain that the following statement

holds uniformly over Az:

IIZ

TC w Z /Ojf(t)dt. (14)

32



Now I prove that the following statement holds uniformly over A7:

V1= p? 1 ! "
\/_C ,0, Zyt 16 = m ; J(t)d (t)

Let us define §; in the following way: (1 — A\ L)...(1 — A\, L) =1 — Z?;} B;L7. Then

(15)

= up — Z] . | Biug—;. We also know that y,_, = Ay _p—1+ Z?Zl N uy_j. As a result,

T
Z Y161 =) Z Yi—p— 1€t+z)\J Z Crl—j =

t=p+1 —p+1 t=p+1
—)\p E Yi—p—1(us — E Biu—;) + E >\j E erli_j
t=p+1 t=p+1

Now one would notice that Ee,u;—; = 0, for any j > 1 and the series u; is stationary
while e; is i.i.d., so the Central Limit Theorem holds. It means that uniformly over fRs

ey j = Op(1). Given that 35 (1p—;)2 — 0 uniformly over Ar one

values we have \F Zt_p 1

obtains that

Vi Vi
\/_C (p, Zyt 16t = \/_C’ (0,0 t;lyt p—1(ue — Zﬁyut i)+ op(1). (16)

ﬁTwwzgm

rorx) . ‘1”—_% — 1 uniformly over Ap. Indeed,

One can notice that

\/_Vi_i; — /(1 = A1)...(1 = A\p—1) uniformly over Az, and

1 1
1—2@ (L= A1 = Xpm) = 2 = lim o,

Putting the last statement together with (16) and (13) one obtains that (15) holds uni-
formly over Ar.

Lemma 11 of Mikusheva (2007b) (in particular, statements (f), (h), (i)) implies the

following;:
lim sup sup Z Zye, <x p— P{N(0,T) < x}| =0, (17)
T—00 (p.a)eAr z€RP t 11
V1= p? a
lim sup Poo! ||—— Z Zwi—1|| >x p =0, (18)
T—o0 (p,a)EAT T P—t )
;| 7
lim  sup = ZZ, —T|| >z =0, (19)
T—o00 (p, OL)E.AT T t;l )
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and for any x > 0. Here Z; = (Ayi—1, ..., Ayp_p41) and I' = limy_, o EZ, Z]. Let &; be the

last p — 1 components of F'X;. According to statement (ii) of Lemma 2
= (1= p*)alp, a)ys1 + ﬁZt, (20)

where a(p, a) is a vector with sup 4. ||a;||2 < Const, and F is the p— 1 x p— 1 sub-matrix

of F.

L-» 2Z$t?/t1—\/1_PaP> _pZt1+F _pzzztytl

Statement (14), the fact that the family of distributions _z; fo J2(t)dt is uniformly

bounded in probability and that 1 — p*> — 0 uniformly over AT implies that

V1= p*a(p,a) _p Zyt L= 0p(1

uniformly over A7. The last observation together with (18) gives us that the following
Y e T o7 .

Similarly, (15), (17) and (20) imply asymptotic normality of the statistics \/LT S Te

uniformly over Ap. The observation that the limiting covariance matrix is I, fol-
lows from the normalization. As a result, one has \%Zle zey = N(0,1,_1) uni-
formly over Ar. Finally, (18), (19), (20) and the definition of normalization lead to
%ZL 7,2y, —P I,_1, which holds uniformly over Ar. This implies that (4) and (5) hold

uniformly over Ar.

Al 5)
Proof of Theorem 2. Let me denote Q). = Vel 7O as the right-
3
hand side, and Qur = — S, FX,e; the left of equation (4), while Qr = L 37| FX, X/ F"

1
$f0 J2(s)ds 0O

and QQ = , are the left and the right sides of equation (5) cor-
0 I,
: — : C oy _(FAYQ1'Qer
respondingly. I can re-write equation (6) as follows: ¢ = — FAYOFA
One needs to prove that one can substitute QQ.r and ()7 with their uniform limits

. . . ~ (FA'Q'Q.
Q. and () and the uniform approximation would hold. Namely, that ¢t = Y TGET JPAYQiFA

uniformly over Rs and A € RP.
According to Theorem 1, Qr = @ and Q.r = (.. In addition, given the uniform
boundedness in probability of . and () and that @ is uniformly separated from zero (see

Lemma 10 in Mikusheva (2007a)) one obtains that Q7' = Q7' and Q7'Q.r = Q1Q..
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One also has that £ /g,;B is bounded in probability and separated from zero uniformly

over ¢ and uniformly over all possible vectors B € RP. Let me denote FFA = B and

QL / . .
re-write ¢ = 2.9z 9er B'B__ By a standard argument one can obtain that uniformly
VBB \/ B'Q;'B

over Rs and over B € RP it holds that ¢ = B'Q_Q. B,gﬁ 5. It finishes the Proof of

VBB
Theorem 2.
Proof of Lemma 1. I write down the first-order condition for the restricted max-
p—0p
e Zthl X Xi A ~ ZtT:I Xiey )
imization problem: a—« = , where L is a
A 0 . 0

Lagrange multiplier. As a result,

—1 —1
Tz (CLixxy)  Aaa (XL, xX7) XL, Xe

. T
f P = (Z XtX£> ZXtet — 1 s
t=1 t=1

A (T xX7) A

-1 T

~ T
ol I (Z FXtXt'F’> Y FXe
t=1

t=1

—1 —1
(S FXXIF) - FAAF (S FXXIF) S, FXae

-1
AF (SL FXXF)  FA

Now using the approximation obtained in Theorem 1 I have the following:

_ /9 f01 To(s)duw(s) fi/g(c) '[01 Je(s)dw(s) 4 féﬁ fig(c)

virt | PP 1T 2 (s)ds _ fo; jg?(f)ﬂs T3 72(5)ds
“-a : R\ g
u\/ﬁ fol Je(s)dw(s)+n
_ 0 T 1+u21g(1€) fol J2(s)ds
5 B \/ﬁfo Je(s)dw(s)eg+unes ’

1+u2ﬁ fol J2(s)ds

where £ ~ N(0,I,1) and n = 4 ~ N(0,1).

Proof of Theorem 3.

Let us consider a null hypothesis Hy : f(p,a) = 7o for some f € L. And let (p,a) =
(p(70), @(70)) be the restricted estimate. Let us consider the true value of (p,«) (for
which the null is satisfied). According to the intermediate value theorem, there exists o*

lying between a and «, and p* lying between p and p, such that:

0= f(p.a) — f(p.a) = A}(p — p) + A3 (@ — a);
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here A* = (A;A;/)/ = %(p*,@*). Let also A = %(ﬁa &)7 and f(ﬁ? d) — % = (ﬁ -
p, (&—@&)")A. Let us define as before Q. = \/LT ST FXpepand Qp = z ST UFX XIF
where F' is the normalization described in Lemma 2. The proof is contained in the

following three lemmas.

Lemma 3 Uniformly over Rs and over the set of functions L one has:

(FAYQPQur)’ (FA) Q7' FA

LR = — : (21)
((FAy Q7' FA)
FAYQAFA) (FAYQ0.
LRE & VIR siom ((PAYQ: FA) (FAYQ;' Qur »

(FAYQy'FA

Proof of Lemma 3 It is easy to observe that
LR=((p—p),(@—a))Jr :

where Jp = 300, X, X/,
The restricted estimates p and & satisfy the following system of equations (the re-

stricted optimization first-order condition):

Jr A Je
) @-a) |={ """ | (23)
A* 0 0

here X is the Lagrange multiplier for the restricted optimization and J.r = Zle X;e;.
The last equation in the system is the statement that f(p,a) = f(p,a) and uses the
definition of A* from above. System (23) implies that,

_ ~ . JYAAY I,
(F—p),(@—a)) = Jp' ey — L el

AYJTA
~ N~y I A I o (A ) A A
or ((p—p),(a—a)) = TATLA This implies that LR = (A*’J;%)Z
Given that Qp = $FJpF’ and Qer = \/%TFJET [ arrive at (21). Since LR* = VLR -

sign <f1’(ﬁ —p, (& — &)’)’), Lemma 3 is proven.

L 4 ] FA* P FA Fﬁ P FA d F—A p
emma 4 If 220 = Jrara Ve . Joara " Jeard
(z«if;,m as T — oo uniformly over Rs and uniformly over f € L, then LR = t(c,u)?

and LR* = t(c,u) uniformly over Rs and uniformly over f € L.
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Proof of Lemma 4. Due to Lemma 3 formulas (21) and (22) hold. According to The-
orem 1, %F JrF" = (@ and \/LTF Jor = Q., where (Q and @, are right sides of equations
(5) and (4) correspondingly. It is also known that Qr is uniformly separated from zero,
and both Q7 and .7 are bounded in probability uniformly over $Rs. Given the condi-

tions of the Lemma one can apply a direct generalization of Slutsky’s Theorem and the

(FAYQ1Q.)”

Continuous mapping Theorem to uniform convergence. As a result, LR == “FAOTFA

and the right hand side of the last expression equals to t(u,c)?. The proof for LR* is
similar.
FA* P FA FA D FA FA N FA

V/(FA*)F A V(FAYFA’ \/(FAYFA V/(FAYFA and V(FAYFA V/(FA)YFA
as T — oo uniformly over Ry and uniformly over f € L.

Lemma 5

Proof of Lemma 5. I will prove it only for g, the proof for A* and Ais analogous.
Let ||A]| = VA’A be the Euclidian norm. Let me consider separately a subset of R
when |\, < d + € for some small positive € > 0 and a subset for which A\, > ¢ + ¢.

Let assume that |A\,| < 6 +e. Then F is positively definite, uniformly separated
from zero and uniformly bounded (Lemma 2). This implies that it is enough to prove:

A _p A Indeed, if

W ‘ — 0 then under the condition that || F|| is bounded

Al Al m -
one has _ _ _
|\FA|  [[FA]| FA FA < |IF| A A
1A Al 1A AN~ IA 114l
If F' separated from zero , the last statement also implies that % — %. Since

FA FA |IA]

TFA] = TA[TFA[> One obtains the needed statement. In fact from the reasoning above, it

GA . p GA

G exl for some positive definite bounded matrix G.

is enough to prove

I consider the derivative with respect to the AR coefficients rather than a derivative
with respect to ADF coefficients (p, @). Let me denote the AR coefficients ¢ = (¢, ..., @),
that is, ys = ¢1yi—1+... + Opyr—p + €. There is a linear transformation between (p, o) and
¢, this transformation is separated from zero and bounded. Let 5 is the AR coefficients

for (p,a). Let 0, = fi(é1,...,¢,) is k-th impulse response. Assume that V; = %’j((]ﬁ)

is the vector of derivatives.So, it is enough to show that for two set of values ¢ and 5 I

Vi

VRl ||vk||

V=Vl
IVl

have — 0 uniformly over k if ¢ — qzﬁ — 0. In fact, it is enough to check that
— 0.

First, I write down formula for V. Here I use formula from Liitkepohl (1990) (Propo-

sition 1(i)): Vi, = g%’;(gb) =35 770,6,_ ;.. Let introduce a k x k matrix L that consists
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of zeros, except the diagonal just below the main diagonal that has all ones. L is the
matrix for the lag operator. Then V) = 6%(2?20 (bij)(E?:O ¢;L7) = €, PPy, where
Lo = Iy and & = 3% 6,17 Now

Vi = Vil _ Jlep(P% — P3|
IVl lex 2%

< |1k = @ @R < D727 - 257

here ||| is the operator norm if applied to a matrix. It follows from Lemma A.5.(i)
in Saikkonen and Liitkepohl (2000) that [|®x[| < > 7% 60; < const(d + ¢) is bounded
uniformly over k. Formula (A.21) in Saikkonen and Liitkepohl (2000) implies that ||®, ' —
(EIV>;€)*1|| <o — $|| Given that ¢ uniformly converges to ¢ as the sample size increases,
I proved Lemma 5 in this case.

Now turn to the case when A\, > 0 + . According to formula (2.4.16) in Hamil-

ton(1994) the impulse response function has the form of 6, = ¢jAj, where A; are

] 1€
roots of the autoregressive polynomial. Then
00 —
k _ syk—j—s _
30,4 = 2?’@ v
2\ k— ] )‘k 7
I D o D
i=1 [=1,l#1
I divide the above expression by k/\'; for a fixed 1 < j < p. Then
k—j k—j
_ Ai Al
1 06, k=g 1%~ 5 (N k‘( (&) - ()
s W =—+5) alv | cicy :
kXL O, Pk A ; A k)\g? ;l 121# A — N\

Ai

Since (p,a) € Ry and A\, > 0 + ¢ I have that < 1 — g for some ¢; > 0 and all

¥ is continuous in 2 uniformly over |z| < 1 —¢;

i < p. Now I notice that function l(z) = =
and uniformly over all positive k. Since autoregressive roots are continuous functions of
the autoregressive coefficients, and ¢; are continuous functions of roots, and given that

(p, &) =P (p, ) uniformly over Ry, I obtain that k/l\k gi’“ (¢) —P @g%’;(gb) uniformly over

Rs and uniformly over k. I also note that k—/l\kgg’“ (¢) is separated from zero uniformly
over Rs and uniformly over k. This implies that II?CH = V)\’;C Hkv/\ T H?IZII
k k
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