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ABSTRACT

It is a well-established fact that — with an unknown number of nuisance parame-
ters at the boundary — testing a null hypothesis on the boundary of the parameter
space is infeasible in practice as the limiting distributions of standard test statis-
tics are non-pivotal. In particular, likelihood ratio statistics have limiting distri-
butions which can be characterized in terms of quadratic forms minimized over
cones, where the shape of the cones depends on the unknown location of the (pos-
sibly multiple) model parameters not restricted by the null hypothesis. We pro-
pose to solve this inference problem by a novel bootstrap, which we show to be
valid under general conditions, irrespective of the presence of (unknown) nuisance
parameters on the boundary. That is, the new bootstrap replicates the unknown
limiting distribution of the likelihood ratio statistic under the null hypothesis and
is bounded (in probability) under the alternative. The new bootstrap approach,
which is very simple to implement, is based on shrinkage of the parameter esti-
mates used to generate the bootstrap sample toward the boundary of the para-
meter space at an appropriate rate. As an application of our general theory, we
treat the problem of inference in finite-order ARCH models with coefficients sub-
ject to inequality constraints. Extensive Monte Carlo simulations illustrate that
the proposed bootstrap has attractive finite sample properties both under the null
and under the alternative hypothesis.
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1 INTRODUCTION

We consider (likelihood ratio-based) testing the null hypothesis that some of the para-
meters of a statistical model lie on the boundary of the parameter space. This is a non-
standard testing problem which has been widely analyzed in the case where the para-
meters not restricted by the null hypothesis are in the interior of the parameter space,
see Andrews (2001) and the references therein. However, the assumption that the only
parameters which may lie on the boundary are those restricted by the null hypothesis
excludes several important cases in empirical applications. A classic example, which we
discuss in detail in the paper, is testing hypotheses in ARCH type models subject to
non-negativity parameter constraints; see Francq and Zakoian (2009). In this case, the
practitioner may want to test whether some of the ARCH parameters are zero, but is
uncertain about the location of the remaining parameters.

This testing problem is particularly involved because the asymptotic distributions
depend on whether the parameters not restricted by the null hypothesis — henceforth,
‘nuisance parameters’ — lie on the boundary or not. More specifically, likelihood ra-
tio [LR] statistics have limiting distributions which can be characterized in terms of
quadratic forms minimized over cones, where the shape of the cones depends on the un-
known location of the nuisance parameters. The widely applied assumption that such
parameters are not on the boundary (which corresponds to the assumption that the lo-
cation of the parameters not restricted by the null hypothesis is known) is implausible
in most testing problems, such as the aforementioned ARCH case.

Attempts to deal with inference problems involving nuisance parameters potentially
on the boundary of the parameter space are given in the literature; see e.g. Andrews and
Guggenberger (2009), Elliott, Miiller and Watson (2015), Lu (2016), McCloskey (2017),
Ketz (2018) and the reference therein. Here we take a different route and propose a
novel bootstrap-based testing approach.

Interestingly, the bootstrap is usually regarded as invalid when applied to testing
whether some parameters are on the boundary of the parameter space, see e.g. Horowitz
(2001). For instance, Andrews (2000) shows that in a simple location model with i.i.d.
Gaussian errors the asymptotic distribution of the bootstrap maximum likelihood [ML]
estimator of the location parameter is random in the limit, and hence fails to mimic
the asymptotic distribution of the original ML estimator. The bootstrap in Andrews
(2000) does not impose the null hypothesis on the bootstrap sample — that is, it is an
example of the so-called ‘unrestricted bootstrap’ — and this is crucial when interest is in
testing that a parameter is on the boundary. In contrast, Cavaliere, Nielsen and Rahbek
(2017) show that randomness of the limiting distribution can be avoided by applying
a bootstrap scheme which imposes the null hypothesis on the bootstrap sample, that
is, the ‘restricted bootstrap’, see also Davidson and MacKinnon (2006). However, the
approach of Cavaliere, Nielsen and Rahbek (2017) requires that all parameters not
restricted by the null hypothesis are in the interior of the parameter space and, when this
is not the case, also this bootstrap fails to replicate the correct asymptotic distribution,



see the discussion in Section 3 below. An analog requirement is made in Francq and
Zakoian (2009) for testing that some coefficients in a general ARCH (GARCH) model
are equal to zero.

To overcome this drawback, we propose here a straightforward, bootstrap-based test-
ing approach, which is very simple to implement and moreover delivers asymptotically
correctly sized tests without losing the consistency property, irrespectively of the loca-
tion of the parameters not restricted by the null hypothesis (the nuisance parameters).
In particular, we show that a simple modification of the restricted bootstrap delivers
correct inference in large samples. Such modification is based on shrinkage of the origi-
nal estimates of the parameters not restricted by the null hypothesis toward the bound-
ary of the parameter space at an appropriate rate. A similar approach, which draws
back to Beran (1997), is advocated in Andrews (2000, p. 403) for a one-parameter lo-
cation model. As we demonstrate, this modification of the bootstrap scheme is able
to eliminate the randomness in the limiting distribution of the bootstrap LR statistic.
Consequently, we are able to provide high-level conditions on the data and bootstrap
generating processes such that the bootstrap test allows control of the rejection prob-
ability under the null in large samples, irrespective of the presence of nuisance para-
meters on the boundary. We also discuss sufficient conditions for this novel modified
bootstrap tests to be consistent under the alternative hypothesis.

As an application of our theory, we treat the problem of inference in finite-order
ARCH models with coefficients subject to inequality (i.e. non-negativity) constraints.
Using a fixed-volatility bootstrap scheme to illustrate, see Cavaliere, Pedersen and Rah-
bek (2018) and Beutner, Heinemann and Smeekes (2018), we show that our modified
bootstrap LR test is asymptotically valid under the null and consistent under the al-
ternative under standard regularity conditions.

We complete the paper by providing an extensive Monte Carlo experiment based on
the ARCH model, where we show three important facts. First, we show that neglecting
the presence of parameters on the boundary affects the size of asymptotic and bootstrap
tests which do not take into account the unknown location of the nuisance parameters.
These tests may in general be either undersized or oversized, depending on the location
of nuisance parameters and their implied correlation structure. Second, we show that
even in samples of moderate size our modified bootstrap test has excellent properties
under the null, while its power is indistinguishable to the power of asymptotic LR test
based on the artificial assumption that all nuisance parameters are in the interior of
the parameter space. Third, our Monte Carlo simulations show that the small sample
properties of our modified bootstrap are extremely good irrespective of the bootstrap
sample being based on restricted or unrestricted parameter estimates.

The paper is organized as follows. Section 2 describes the general framework and
introduces the main assumptions on the estimators, the parameter space, the null hy-
pothesis and the test statistics. The special case that will be considered throughout,
namely the ARCH(q) model, is detailed here in Section 2.1. Section 3 presents the new



bootstrap tests and analyzes their large sample properties, in particular by showing va-
lidity of the tests under the null and under the alternative hypotheses. The theory is
applied to the ARCH(q) case in Section 4, while the small-sample properties are inves-
tigated by Monte Carlo simulation in Section 5. Section 6 concludes. All proofs are
placed in the Appendix.

NOTATION. We make use of the following notation and definitions throughout. With
R, we denote the set of non-negative real numbers; with I(-) we denote the indicator
function, and ‘z := 3’ (‘y =: 2) indicates that z is defined by y. We let {0}" :=
{0} x -+ x {0} (k times), while 0 = (0,...,0)" (of dimension k), and for intervals
[a,b]® := [a,b] X - x [a,b]. We say that a set A C RP? is locally equal to a set B C RP
if there exists C' (0,,¢) such that AN C (0,,¢) = BN C(0,,¢), with C (0,,¢) an open
cube in R? centered at 0, and with edge length 2¢, ¢ > 0. For any vector or matrix,
7, ||z| denotes the usual Euclidean norm, ||z|| := [tr(2'z)]'/?; moreover, the norm of a
vector  with respect to a (square) matrix M is defined as |||, := 2’Mxz, and M > 0
means the matrix M is positive definite.

Unless differently specified, limits are taken for n — oo. We use P* and E* respec-
tively to denote probability and expectation, conditional on the original sample. With
“ and % we denote weak convergence and convergence in probability, respectively. For
a given sequence X, computed on the bootstrap data, X} = 05(1), in probability, and

X} p—*>p X mean that for any € > 0, P*(]|X*|| > ¢) & 0 and P*(||X* — X|| > ¢) 2 0,
respectively. Similarly, X = O (1), in probability, means that, for every e > 0, there

exists a constant M > 0 such that, for n large, P(P*(||X}|| > M) < €) is arbitrarily
close to one. Finally, weak convergence (in probability) of X* to a random variable X

is denoted by X w—*>p X.

2 THE SETTING

We address inference and testing in statistical models with parameters § € © C R%
where some of the parameters in 6 are subject to an inequality constraint. Specifically,
we look at the case where such parameters are restricted to be greater than or equal to
zero, and test whether some of these parameters are indeed zero. Inference and testing
is infeasible in practice, in the sense that it is not known whether the parameters in 6
which are not restricted by the null hypothesis lie on the boundary or not. That is, the
location of the nuisance parameters is unknown, and, as is detailed below, asymptotic
inference is non-pivotal.
To address the issue, it is useful to partition the dy x 1 parameter vector 6 as

0=(,8,9),

where v, 8 and ¢ are of dimension d,,ds and ds respectively, with d, + dz + ds = dy.
The true parameter value is denoted by 8y = (74, 35, 9y)" and the null hypothesis Hy we
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consider testing is given by
HO Y = Odw'

Thus, the parameters in 0 are for simplicity, and without any loss of generality, parti-
tioned into, or simply labelled as, (i) 7, the parameters of interest, which are the d,, para-
meters restricted to zero under the hypothesis Hy, and; (ii) the remaining parameters 3
and 0. The parameters in ¢ are the ds parameters which are known a priori to have true
values in the interior of the parameter space. The parameters in 3 — which we call ‘nui-
sance parameters’ in the following — can attain true values which are zero or not, and it
is unknown a priori whether these are at the boundary or in the interior of the parameter
space. Reflecting the partitioning of 6, the parameter space © is assumed to be given by

@:@er)gx@g, (1)

where v € O, := [0,7,]%, 7y > 0, B € O := [0,8,]%, B, > 0, and § € O; C R%
with ©5; compact. We emphasize that for the true value of the nuisance parameters j3,,
and dp, the vector dg is assumed to be an interior point in ©4, and hence not on the
boundary, while for it is not known whether parts of it are on the boundary (that
is, equal to zero) or not.

We assume in addition that the statistical model is given by the variables (z:);_,
together with a (quasi log-) likelihood function — or, more generally, an objective func-
tion — denoted here by L,, (f). In particular, the unrestricted and restricted estimators
of 6 are given by

AN ~ !~/

0, = (4, By, 0,,) = arg max L,(0), 0,= ", 0,0, =arg arggsz L,@®), (2

where the optimization set under the null hypothesis is given by
On, = {00 17 =0}, 3)

such that 4, = 04, . The (quasi-) likelihood ratio statistic for the hypothesis Hy is given
by

LR, := —2(L,(0,) — Ln(6,)). (4)

Andrews (2001) derives the limiting distribution of the likelihood ratio statistic for
the null hypothesis Hy under a set of standard regularity conditions, in addition to
the conditions on the parameter space(s). The standard regularity conditions for the
asymptotic theory are as follows:

ASSUMPTION 1 Assume that, (i) for 6y € ©, the unrestricted estimator 0,, is consistent,
that is, 6, = 0y + 0, (1), and likewise for the restricted estimator 0,,, 6,, = 6 + 0, (1)
under Hy. Furthermore, for 6y € Oy, :

(i) —n"10?L, (6y) /0006 L a>0, Qn'29L, (0o) /00 = Z,

(111) maX; j.k=1,2,...,dy SUPgco |n’183Ln (9) /89Z80]89k| < Kp,
with k, = O, (1) and Z a dp-dimensional Gaussian random variable with covariance
matriz Q1X0Q7 ¥ > 0.



REMARK 2.1 Note that, as is standard, Assumption 1(7ii) can be replaced by the re-
quirement that a uniform law of large numbers applies to the second order deriva-
tive, n10%L,, (0) /0000', see also Andrews (1999) and Jensen and Rahbek (2004) for a

discussion. O

For the parameter space © in (1), we denote by & € {0,1,..,dg} the unknown
number of nuisance parameters which are (at their true value) on the boundary of the
parameter space and we make the following assumption.

ASSUMPTION 2 The shifted parameter space, © —0q, is locally equal to the cone A given
by

A=A, x Ag x Ag, (5)
where, under Hy, A, = Rflﬁ, As =R% and Ag = Ay x ... x Ag,, with k of the A;’s equal
to Ry and the remaining dg — k equal to R.

REMARK 2.2 It is important to stress that the shape of the cone A in (5) varies de-
pending on the unknown value k of nuisance parameters at the boundary. The above
formulation of A allows, in particular, for any combination of nuisance parameters on
the boundary. O

From Andrews (1999, 2001), it follows that under Assumptions 1 and 2, the test sta-
tistic LR, in (4) converges in distribution to a non-standard, non-pivotal distribution,
say L. In general, £ can be written as a difference between two quadratic forms min-
imized separately over cones which depend on the unknown k, or equivalently on the
shape of the cone Ag, defined in Assumption 2. Specifically, if 6y = (v/,5',0") € Op,
with Jp € int(©s) then as in Andrews (2001) we have that

LR, = L:= inf A= HZ|[{yo-1p

2
{0} xAg A - HZH(HQle')*l ) (6)

T Ae/i\niz\ |
v AB
with H a matrix of dimension (d., + dg) X dy such that (v, 3") = HO.

Thus, the limiting distribution £ depends on the unknown cone Ag, as well as on
the covariances 2 and ¥, and we may write £ = £ (€2, X, Ag). Hence, in general, the
distribution of £ is non-pivotal and asymptotic inference is infeasible. We propose a
new bootstrap as detailed in Section 3 to circumvent this.

Before, we next briefly discuss the just presented theory in terms of the well-known
ARCH(q) model.

2.1 Tue ARCH(gq) MODEL

Consider the finite-order linear ARCH(q) model with ¢ > 1,
q
zy = 0y (0) 1, with o7 (0) = w + Z%‘I?—ia (7)
i=1
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fort=1,2,....n, (T_441, ..., ¥o) fixed in the statistical analysis and n, i.i.d.(0,1), where
n, has a Lebesgue density that is strictly positive in a neighborhood of zero'.

We assume w € [wy,wy], with wy > wy, > 0, and (o, ..., o) € [0, ap]?, oy > 0. The
true values of the parameters are denoted by wy, a1, ..., ag0. The setting above covers
hypotheses such as any (non-empty) subset of {ay, ..., o, } are equal to zero. However,
to keep notation simple, we focus on the simple hypothesis Hy : o,y = 0.

Notice that while we assume a priori that the true value wq of the intercept term w
in the ARCH model is an interior point, it is unknown whether the true values of the
remaining ARCH nuisance parameters equal zero or not; that is, it is unknown whether
ajo=0o0r oo >0fori=1,...,q—1.

In terms of the notation introduced above, we make the following assumption on
the parameter space for # as well as on the true parameter 6.

AssuMPTION 3 Consider the ARCH(q) model given by (7). With 0 = (v, 3,5)’, where

v =ay, 8= (a1,...,0q1) and § = w, assume that
y€O,:=[0,ay], BE€6Os:=[0,ap]’ !, and € O = [wy,wy], (8)

with wy > wy, > 0 and ay > 0. Moreover, assume that at the true parameter vector
6o, 0o € © = O, X O x Oy, with 0y € int Og, the ARCH process {x,} is stationary and
ergodic with E [z°] < oc.

With the Gaussian likelihood function given by
n x2
Lo (0) =) 1:(0), 1 (0) = —3(logai(6) + 3i5), (9)
t=1

we can define the unrestricted estimator of 0, 6,, = (%,,, B;,gn)’ where 7,, = &g, B =
(G my ooy Ggo1,)" and 5, = W, as the maximizer of (9) over O. Similarly, the restricted
estimator of 6, denoted by 6,, = (O,B;,Sn)’ where Bn = (G ey Og—1) and Op = Wn,
is the maximizer of (9) over Oy, := {0} x Oz x Oy.

It follows as in Andrews (2001), see also Francq and Zakoian (2009), that under
Assumption 3, and with 6, € Oy, defined in (3), LR, = L where L is given by (6),
with & = 1B (1 —7?)*Q and Q defined in Lemma B.3.

As emphasized earlier, the limiting distribution £ in (6) is non-pivotal and an
asymptotic test infeasible in practice, as it depends on the unknown number k£ €
{0,1,2,...,,ds = g — 1} of nuisance parameters on the boundary of the parameter space.

When the null hypothesis restricts one parameter only, i.e. d, = 1, some remarks can
be made about the distribution of £ depending on the number k of nuisance parameters
at zero.

! As kindly pointed out by a referee, the ARCH(q) model is (second order) equivalent to a random
coefficient autoregressive model of order ¢, see Tsay (1987).



For the case of kK = 0, where there are no nuisance parameters on the boundary, the
distribution of £ reduces to the well-known mixture distribution M :% X2+ %Xf, ie. a
mixture of a x? and singular random variable with probability mass at zero, both with
weights 1; see e.g. Andrews (2001), Francq and Zakoian (2009) and Cavaliere et al.
(2017).

For the case of k = 1, where only one nuisance parameter is on the boundary, the
distribution £ can be characterized by a correlation parameter p of a bivariate Gaussian
variable, Z,. This can be seen by combining our proof of Theorem 1 in Appendix
A.1 with the theory of Kopylev and Sinha (2010, 2011), defining Z, = H;Z, with
Hj, defined in (A.2) in the Appendix. In particular, for p > 0, the distribution is a
mixture of independent x§, x7, and x3 variables with mixture weights (3 —p, 5, p), where
p := sin"!(p)/2x. This distribution is shifted to the right compared to the mixture
distribution M, in the sense that P(L =0) = —p < 3 = P(M =0). For p < 0,
the distribution is not a mixture of y2-distributed random variables. Interestingly, the
distribution is shifted to the left compared to M. That is, for £k = 1 and p < 0,
P(L =0) = § +sin"'(—p)/2r > P (M =0). Observe that for the ARCH(q) case,
with £ = 1, the correlation p is negative. Hence, a test which neglects the presence
of the nuisance parameter on the boundary and hence uses M as the reference null
distribution may be undersized in large samples.

For the remaining cases, where 1 < k < dg, the distribution £ cannot, to the best
of our knowledge, be characterized by a mixture of y2-distributed random variables.
However, we conjecture that it depends on the correlation structure of a Gaussian
(k + 1)-dimensional random vector, similarly to the £ = 1 case.

Noticeably, for the ARCH(q) model where k = dg; that is, with all nuisance pa-
rameters in S on the boundary, £ is distributed as the mixture M, since the matrix
HQ 'H' in (6) is block-diagonal with respect to v and (3, as demonstrated by Demos
and Sentana (1998, Appendix A); see also Francq and Zakoian (2009, Section 7.1) and
Pedersen and Rahbek (2019).

3 A NEW BOOTSTRAP

As detailed in Section 2, the limiting distribution £ is non-pivotal, hence rendering
asymptotic inference infeasible in general. As anticipated earlier, we propose here a
new bootstrap which is based on shrinking the parameter estimators used to generate
the bootstrap sample, see Andrews (2000) for a simple one-parameter location model.
In this respect, our bootstrap involves the use of Hodges-Le Cam super-efficient type
estimators, see e.g. Beran (1997) and Bickel, Klaassen, Ritov and Wellner (1998) and
the references therein. We provide a full asymptotic theory for the validity of the new
bootstrap, and as a by-product we also discuss why conventional bootstrap methods
— such as the standard, restricted or unrestricted bootstrap — do not work in the case
where there are nuisance parameters possibly at the boundary.



The setup of the bootstrap is as follows. As is standard, we consider bootstrap
data {z7};_, with x} generated (possibly recursively) as a function of: (i) the original
data, {z:},_,; (i) possibly lagged z}’s or exogenous variables, X/, (iii) a bootstrap
true parameter value ¢, which is some function of {z;}; |; (iv) a random vector of
bootstrap shocks, independent of the original data, denoted here by 7. That is,

zy = (0 {x}, X)), t=1,2,..,n. (10)

n

REMARK 3.1 The bootstrap true parameter value 6 in (iii) is crucial in defining the
properties of the bootstrap. Usually 6 is set equal to 9n, the unrestricted estimator
of 6y, or to 6, the estimator of 0, obtained with the null hypothesis imposed (see
Davidson and MacKinnon, 2006), or a hybrid of the two (see e.g. Swensen, 2004, for
an application to co-integration). For standard testing problems, the associated (un-
Jrestricted bootstraps are often asymptotically valid, or consistent. For some non-
standard testing problems, such as for inference on the number of unit roots (Cavaliere,
Rahbek and Taylor, 2012) and in the presence of infinite variance innovations (Davidson
and Flachaire, 2008), the restricted bootstrap based on 0, is asymptotically valid even
when the bootstrap based on 0, may fail. In the testing problem considered here, both
the unrestricted and the restricted bootstraps fail, making the bootstrap unable to
mimic the target distribution £ under the null hypothesis, see Remark 3.4 below. The
bootstrap proposed in this section circumvents this drawback.

REMARK 3.2 Therole of 7} in (iv) is crucial, as it defines — along with the function f (+)
— the bootstrap resampling scheme. For instance, for the usual i.i.d. bootstrap, 7 :=
(7, ..., mr,,) is the (random) number of times each of the original observations (or some
residuals) are selected during the re-sampling process; for the wild bootstrap, 7} is the

vector of bootstrap i.i.d. innovations used to rescale the original data (or residuals). [J

Corresponding to the bootstrap data {z}}; ; we introduce a bootstrap likelihood,
or criterion function, L (¢), and the associated bootstrap (unrestricted and restricted)
estimators,

0, = L% (0), and 0, := L:(6). 11
n = argmax Ly (0), and 0, arg max o (0) (11)

The bootstrap likelihood ratio statistic for the hypothesis Hy is given by
LR}, = =2(L;(8,) — L3,(0,)- (12)

Importantly, as discussed in Remark 3.1, the unrestricted bootstrap likelihood ra-
tio statistic, LR}, based on setting 0, = 9n, will not replicate the unknown non-pivotal
distribution £ in (6), even asymptotically. The same happens for the restricted boot-
strap based on setting 87 = ,,.

Instead of these classical bootstraps, we propose here to choose ¢ differently. First,
we impose the null hypothesis Hy on 6, which corresponds to setting 7} equal to zero.



Second, and crucially, we impose a requirement on the rate of convergence for g in 67,
which we refer to as ‘shrinkage’, for the reasons explained below.
Formally, we make the following assumption about 6.

ASSUMPTION 4 With 0 = (v, 3y, 67), let vi = 04, and assume that

0, 5 6} := (0, B1,0)) € On, (13)

under Hy as well as the alternative, where 98 = 0y under Hy. Furthermore, for i =
1,...dg, assume

and /(5% — 85) = O, (1).

For comparison, consider the classical unrestricted and restricted bootstrap schemes.
The unrestricted bootstrap would set 0, as the bootstrap true value 67, and test the
auxiliary hypothesis, v = 4,,; ¢f. Hall (1992). The unrestricted bootstrap satisfies (13)
under Hp, but not under the alternative. Moreover, the convergence rates in (14) do
not apply. The restricted bootstrap has 0,, as the bootstrap true value, and tests the
original null, Hy, on the bootstrap sample. In this case, by definition v}, = 04, but as
for the unrestricted bootstrap, the convergence rates in (14) do not apply. As to (13),
this follows under Hy, while under the alternative it is in general non-trivial to establish
if 9% = 6, converges to some pseudo-true value 6.

A particular bootstrap scheme satisfying Assumption 4 is given by choosing ¢, = On
and

Bri=Bnd(Bp;>cn) i=1,...ds
with ¢, a scalar sequence converging to zero at an appropriate rate, as seen in the
following lemma.

LEMMA 1 Under Assumption 1, and with the sequence {c,},_,,  satisfying

¢, — 0 and \/nc, — oo as n — oo, (15)

then 6} defined by

N

0 = (v 81 67) = (O, {8, 1(Bui > en)¥ima,.ay00n) (16)
satisfies Assumption 4 with 0} = (0%, By, 0p)"-

The proposed shrinkage in terms of the ¢, sequence, or more generally, the require-
ment on 37 in (14) ensures that the bootstrap replicates the unknown limiting distri-
bution £ under the null, while being of order Oy, (1), in probability, under the alterna-
tive. That is, as established in Theorem 1 below, the new bootstrap is consistent even
though it is unknown if any of the nuisance parameters are on the boundary or not.
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REMARK 3.3 Alternatively, in (16) the unrestricted estimators 3, and 4, could be
replaced by the restricted estimators, (,, and 9,,. However, as already mentioned, in that
case it may not be trivial to establish 8 % 6} in Assumption 4 under the alternative.[]

We make the following bootstrap versions of Assumptions 1 and 2.

ASSUMPTION 5 Assume that (i) 0.6, = 0} + 05 (1), in probability, for some 0 =

n’n

(e ol € On,. Furthermore,

(i) —n~l92L% (07) /0000 L, QF > 0, @ In~V20Lx (07) /00 S, Z*,
(iii) max;jr-12, 4, SUPgeo [N OPLE (0) /00,00;00;| < K,

.....

where r;, = Oy (1), in probability, and Z* is a dp-dimensional Gaussian random vari-
able with positive definite covariance Q*15*Q* 71 with Q* = Q and Z* = Z (in distri-
bution) under Hy.

ASSUMPTION 6 The shifted parameter space, © — 08, is locally equal to the cone A'
given by
At = Ay x Al x A, (17)

where A, and As are defined in Assumption 2, while Al = AJ{ X o X ALB, with kT of the
AZ s equal to R, and the remaining dg — k' equal to R.

Note that, as H[T) = 0y under Hy, the cone AT defined in Assumption 6 is identical to
A in (5) under Hy.
We can then state the following general result:

THEOREM 1 Suppose that, under Hy, the likelihood ratio statistic based on the original
data, LR, defined in (4), satisfies LR, ~ L with L defined in (6). With the bootstrap
data {z}},_, defined in (10) and the bootstrap likelihood ratio statistic LR} in (12),
assume that Assumptions 4, 5 and 6 hold. Under Hy,

LR, ™, L,

while under the alternative, LR}, = Oy (1) in probability, with LR}, w—*>p LY defined in
(A.3) in the Appendiz.

REMARK 3.4 If we replace (3] by the unrestricted estimator Bn (or the restricted estima-
tor (3, in the construction of A%, then LR* does not converge weakly (in probability) to
L, hence invalidating the consistency of the classic unrestricted and restricted boot-
straps. To see this, note that in the proof of Theorem 1, it is used that by Assumption
4 the convergence rate of 3, should satisfy (14). With 3, = Bn, (3, , that is in the case
of no shrinkage, it only holds that \/n(8;; — B(T)’Z.) = 0, (1) for i = 1,...ds and hence
(14) does not apply. Furthermore, with U the weak limit of /n(3% — 1), it can be
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shown that the limiting distribution of LR} in this case is given by (6), with HZ re-
placed by H (Z* + U), where Z* under Hy has the same distribution as Z. That is,
while in (6), Z has mean zero, Z* + U, conditional on U, has mean U. Alternatively,
the limiting distribution of LR} is given by (6), with Ag replaced by Ag — HU, that
is Ay shifted stochastically, corresponding to the appropriate limit of v/n (H(© — 6)).
This is in line with the results in Cavaliere, Nielsen and Rahbek (2015), where in the
context of co-integration, an Ornstein-Uhlenbeck process with stochastic diffusion coef-
ficient characterizes the limiting distribution of the bootstrap LR statistics. Obviously,
when there are no nuisance parameters on the boundary, shrinkage is not required and
the classic unrestricted or restricted bootstraps are asymptotically valid. [

4 BOOTSTRAP THEORY APPLIED TO ARCH(q)

We consider here in detail bootstrap-based inference for the ARCH(q) model of Section
2.1, and establish that the proposed bootstrap indeed satisfies the regularity conditions
for Theorem 1. Specifically, we show here that the proposed bootstrap is consistent in
the ARCH(q) model case, in the sense that under the null hypothesis it replicates the
limiting distribution £, while under the alternative the bootstrap LR statistic converges
in distribution to a random variable £ and hence is bounded, in probability.
When testing the simple hypothesis Hy : oy = 0, the bootstrap ARCH(q) data are
generated as
;= f (0, {x}, . X} 7)) =00 (0))n;, fort=1,....n, (18)

n

with 6 given as in (16):
9; - (7;7 62,7 52), - (07 {&l,nﬂ (éél,n > Cn)};:l,...,qfl 7(':)")/7 (19)

where the ¢&;,’s and w,, are unrestricted estimators of the ARCH parameters obtained
on the original data, see Section 2.1. Here the bootstrap conditional volatility o2 (67)
is given by

oy (03) = &, + (B ) X{ (20)
X;= (a2 g, nmly) (21)

hence corresponding to a non-recursive, fixed volatility bootstrap as in Cavaliere et al.
(2018) and Beutner et al. (2018), and X} = (23, ..2% ;) fixed.

As to the bootstrap resampling scheme 7} in (18), we let 7% = (17, ..., ) where the
n;’s are bootstrap innovations {n;},_, obtained by re-sampling with replacement from
the normalized and re-scaled estimated residuals, {7}/, defined as 7, := 2;/04(6,).
That is, i} is re-sampled with replacement from

n; = e Ty 7, o=n"tS "0, 22
W= s T 2 (22)
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The Gaussian bootstrap criterion function is given by
Z l* - = —%(log 0?(9) + 2(9)) (23)

where 9; (7)) maximizes L* (0) (under Hy). Finally, the bootstrap likelihood ratio
statistic LR, for the hypothesis Hy : o, = 0, is given by (12).
We establish next that the regularity conditions in Assumption 5 hold for this boot-

strap, such that Theorem 1 holds, as formulated in the next proposition.

PROPOSITION 1 Let Assumption 3 hold with E[x3] < oo, and consider the bootstrap
data {x;}}}_, as generated by (18). Then, under Hy, the likelihood ratio statistic LR},
satisfies LR, w—tp L, provided the sequence {c,} satisfies (15). Under the alternative,
LR ﬂp L', with LT defined in (A.3) in the Appendix.

The proof of Proposition 1 follows in two steps. First, the above choice of 67, see
(19), implies by Lemma 1 that Assumption 4 holds. Second, Lemmas 2-4 below imply
that Assumption 5 holds, such that Theorem 1 applies and the desired result is obtained.

REMARK 4.1 As previously mentioned, although we focus here on a simple hypothesis
such that d, = 1, all results generalize to the case of d, > 1.

REMARK 4.2 While the asymptotic theory for the standard LR statistic requires exis-
tence of 6" order moments for ,, our implementation of the fixed regressor bootstrap
is based on the sufficient condition E[zf] < oo. This is needed to analyze the asymp-
totic behaviour of the third-order derivatives of the bootstrap likelihood. Our simula-
tion results, see Section 5 below, suggest that this requirement may not be necessary.[]

LEMMA 2 Under Assumption 3, and with {xt} given by (18), it holds that the bootstrap
unrestricted and restricted estimators 0 49 satisfy Assumption 5(i); that is,

~ %

(9717971 QT (0 {al 0}@ 1 W )

REMARK 4.3 To establish the result in Lemma 2 a non-standard asymptotic crite-
rion function is introduced in the arguments under the alternative, see (B.7) in the
Appendix. O

LEMMA 3 Under Assumption 3, and with {z}} given by (18), it holds that the bootstrap
score and information satisfy Assumption 5(ii); that is,

—nLORLE (07) /0000’ B, F > 0; and Q*'nTY2OLr (0%) /00 S, 77

with Z* distributed as a N (0, QQ*12*Q*~1) random variable. Here * = Q under Hy,
while Q* = E[%a;“(@é)zgé] under the alternative, with z; as defined in (B.5) and ¥* =
E[(D1,(6))/06)(01(63)/06').
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LeEMMA 4 Under Assumption 3, with {x}} given by (18), and the additional assumption
that E[z¥] < oo, it holds that the bootstrap third order derivatives of the likelihood
function satisfy Assumption 5(iii); that is,

max sup |n'9°L (9) /06,00,00)| < k%, with K}, = O,(1),

i k=1,sq+1 o "
wn probability.

REMARK 4.4 The fixed volatility bootstrap implemented in this section can be replaced
by a recursive bootstrap scheme, see e.g. Hidalgo and Zaffaroni (2007), Corradi and
Iglesias (2008) and Jeong (2017) for discussions on recursive bootstrap schemes in the
context of ARCH models. With X; in (21) replaced by X; := (z}%,, ...,xﬁq),, the
recursive bootstrap criterion function in this case changes to

*2

Ly (0) =) 1;(6). 1 (8) :=—3(loga?(0) + ;). (24)
t=1

with 072 (0) = w+ Y7, a;x}?,. As to the theory for a recursive bootstrap — while we do
not expect that the conditions for validity will change with respect to the conditions for
the fixed volatility bootstrap — the derivations will be more complex and are not pre-
sented here. A key step is to show uniform convergence of the bootstrap log-likelihood
function L} () as in the proof of Lemma 2, which involves studying the structure of the
bootstrap log-likelihood contributions, [ (#). For the fixed volatility bootstrap I (6) is
(conditional on the data) linear in z}? and does not depend on lagged x}, while this is not

the case for the recursive bootstrap, cf. (24), which leads to more complex derivations.[]

REMARK 4.5 As is well-known, extending the theory of testing from ARCH(gq) models
to GARCH(q, p) models is non-trivial due to the potential lack of identification of model
parameters, see Andrews (2001). As an example, consider the GARCH(q, 1) case where
02 =wtar? | +.. .—I—oqu?_q—kﬂaf_l, with the constraints w > 0 and «, ..., 04, 8 > 0,
and consider the hypothesis Hy : a; = 0. In this case the parameter § is not identified
if the remaining ARCH parameters equal zero, which in particular violates Assumption
1. Motivated by Pedersen and Rahbek (2019) a solution may be to apply an initial
test for oy = ... = o, = 0 based on a so-called sup-LR test, or a bootstrap version.
If that hypothesis is rejected one may proceed with a modified version of the proposed
shrinking-based bootstrap scheme under the maintained assumption that a; # 0 for
some ¢ < ¢ such that ( is identified.

REMARK 4.6 The bootstrap method presented may be extended to multivariate ARCH
models as for example the extended constant conditional correlation ARCH (ECCC-
ARCH) model considered in Francq and Zakoian (2012), Jeantheau (1998), and Ling
and McAleer (2003). In the bivariate case of order one, (11, zo) = 0/ (0)n, with
i.1.d.(09, I5) innovations 7, and conditional covariance matrix €2, (6) = D, (0) R (0) D, (0).
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Here the (conditional) correlation matrix R, (#) and the diagonal matrix D, (#) are given
by,

1 .
R(6) = < ) f ) D, (0) = diag {(\/wl + apa?, )+ aigxgt_l)im} )

As in Pedersen (2017) consider here testing the hypothesis of no volatility spillovers.
With parameter vector 6 defined as # = (7/, 3',0’)’, where

V= (0412;0421)/7 B = (0411,0422)/ and 0 = (W17w27/7),7

the parameter constraints are a;; > 0, w; > 0 for 4,j = 1,2 and |p| < 1, while the
hypothesis of no volatility spillovers is given by

H027:02.

We conjecture that the proposed bootstrap would apply under the regularity conditions
in Pedersen (2017) together with conditions on the ARCH process similar to Proposition
1. OJ

5 NUMERICAL RESULTS

In this section we illustrate the finite sample properties of the proposed bootstrap LR
tests using a detailed simulation study based on an ARCH(¢) model with ¢ = 5. First,
we aim at exploring the performance in terms of size and power of our new bootstrap test
across different choices of the bootstrap true values and different volatility resampling
schemes. Second, we aim at analyzing the robustness of the result over different choices
of the shrinkage sequence {¢,}, and in particular to show that the test behaviour is
not substantially affected by such choices. Third, we aim at providing evidence about
the superiority of our bootstrap tests over existing techniques, such as the ‘m out of
n’ bootstrap (see Hall and Yao, 2003, for some applications to ARCH-type models), a
‘plain’ restricted bootstrap and the asymptotic test based on the mixture M = % x%+% %
defined in Section 2.1. This section is organized as follows. In Section 5.1 we describe
the model, the null hypothesis, the bootstrap and non-bootstrap test statistics and the
design of the Monte Carlo experiments. In Section 5.2 we analyze the empirical rejection
probabilities [ERP] of the tests under the null hypothesis. In Section 5.3 we analyse the
behaviour of the test under the alternative hypothesis, in particular by discussing both
raw and (pointwise) size-adjusted ERPs when the null hypothesis does not hold. In
Section 5.4 we discuss the choice of the shrinkage sequence {c, } on our tests and compare
with the choice of the length of the bootstrap samples for the ‘m out of n” bootstrap.
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5.1 MONTE CARLO DESIGN

The data generating process (DGP) is
5
T = oy, 0Fi=w+ Zaixf_i (t=1,2,...,n)
i=1

with 7, i.i.d. N(0,1) and initialized at z1_, ..., 2o = 0. The null hypothesis of interest
is univariate and of the form
Ho L Q5 = 0.

The parameter vector can be written as 6 := (v, 3,46')', where v := as, 8 := (ay, as,
asz,ay)’, and § := w. Observe that the number of nuisance parameters in 5 — that is,
the parameters which may or may not be on the boundary of the parameter space —
is dg = 4. Hence, the number £ of nuisance parameters on the boundary may take
any value in the set {0,1,2,3,4}. Accordingly, in order to investigate properties of the
proposed bootstrap test for different values of k£, we consider five cases, denoted by
(Ck)i—g, and defined as follows:

(1, 0.1, 0.1, 01, 01, asy) (Co)
(1, 0.133, 0.133, 0.133, 0, as0) (Ci)
(wo, 1,0, 2,0, 3.0, a0, 50) = & (1, 0.2, 0.2, 0, 0, asp) (Cy)
(1, 0.4, 0, 0, 0, «asp) (Cs)
(1, 0, 0, 0, 0, asp) (Cy)

Thus, for the case Cy there are k nuisance parameters on the boundary (that is, equal
to zero) and dg — k interior points. Notice that across cases we always have that
a1+ ... + g9 = 0.4. As to the value of a5y we set asg = 0 under Hy, and o549 > 0
under the alternative.

We consider four different versions of the proposed bootstrap, depending on how the
vector 7 of bootstrap true values is chosen an on whether the fixed volatility bootstrap
or the recursive bootstrap are selected. Specifically, we have:

(1) The proposed bootstrap (denoted as ‘unrestricted, fixed vol.” in the following),
with 0, defined as

0% = (0, {Gtinl (Gin > cn) iy, n),

see (19), and hence based on the unrestricted parameter estimates { &y ., ..., &5 0, Wn };
moreover, o2 (07) is as defined in (20) (fixed volatility bootstrap);

(73) A recursive volatility version of the proposed bootstrap (‘unrestricted, recursive
vol."), with 0}, as in (i), X; = (72,,...,27%;)" and conditional variance defined
recursively, see Remark 4.4;

(7i1) A restricted version of the proposed bootstrap (‘restricted, fixed vol.”), see Remark
3.3, based on 0 := (0,{&;nl (&;, > cn)}f:1 ,Wy,)', where @,, and the &;,’s are
parameter estimates obtained with the null hypothesis imposed;
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(1v) A recursive volatility version of (zi7) (‘restricted, recursive vol.”).

For comparison, results are reported for the classic restricted bootstrap (that is,
without shrinkage), based on 6 = 0,,, which is asymptotically valid only for k& = 0
(no nuisance parameters on the boundary) or k£ = 4 (all nuisance parameters on the
boundary), see Remark 3.4. Along with the restricted bootstrap we further consider
the ‘m out of n’ bootstrap.

We also report results for an ‘oracle’ bootstrap and an ‘infeasible’ asymptotic test,
both based on the unrealistic assumption that the practitioner knows how many (and
which) nuisance parameters are on the boundary. The ‘oracle’ bootstrap (‘oracle re-
stricted’) is similar to the classic restricted bootstrap but imposes the (possible) addi-
tional true zero values for the nuisance parameters on the bootstrap DGP. This way,
when comparing the ‘oracle’ bootstrap to the proposed bootstrap, the effects of shrink-
ing can be addressed. The ‘infeasible’ asymptotic test (‘infeasible asymptotic’) is based
on simulating the true limiting distribution?.

Finally, we report results for an asymptotic test (‘M-based asymptotic’) based on
the quantiles of the M distribution discussed in Section 2.1, which is valid only for the
cases where k =0or k=qg—1=4.

As to the choice of the shrinkage sequence c¢,,, we set ¢, = vn~¢, with ¢ = 0.45 and
v = 1.60, such that cig9 = 0.195, c500 = 0.093, and c1999 = 0.068. In this respect, we
note e.g. that in case C4 for n = 1000, ¢,, corresponds to the approximate 98% quantile
of the simulated distribution of &;, for i = 1,2,3,4. For the ‘m out of n” bootstrap
implementation, we set the size m,, of the bootstrap sample to cn/log(n), with ¢ = 1.5.
This implies that m, = 32 for n = 100 and m,, = 217 for n = 1000. Different choices
of ¢,, and m,, are discussed in Section 5.4.

Throughout, we use 10,000 Monte Carlo replications while we use B = 199 boot-
strap repetitions to approximate the distribution of the LR statistics®*. Sample of size
n € {100,500, 1000} are considered throughout. All tests are run at the nominal 10%
significance level.

5.2 EMPIRICAL REJECTION PROBABILITIES UNDER THE NULL

Table 1 reports the empirical rejection probabilities (as estimated on the 10,000 Monte
Carlo replications) under the null hypothesis, Hy : aso = 0, for the five cases Co-
C4. As summary measures to compare the performance across cases and sample sizes,
we also report the mean absolute deviation [MAD] and the root mean square error
[RMSE] between the ERPs and the chosen 10% nominal level. In Table 1 we focus on

2Simulations are based on samples of size T' = 20, 000.

3Unreported simulations show that varying the number B of bootstrap repetitions does not imply
any changes in the results.

*Computations have been performed using Ox 8.0, see Doornik (2007). Code is available upon
request.
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the preferred versions of the shrinkage-based bootstrap and the ‘m out of n’ bootstrap,
while results for additional cases are presented in Section 5.4, Table 4.

[Table 1 about here]

The following points can be made out of the analysis.

First, the ERPs of the different implementations of the shrinkage-based bootstrap
are all remarkably close to the nominal level, even at the smaller sample sizes. Results do
not change across different numbers of nuisance parameters on the boundary, i.e. across
the five cases (Ci)i_,. In particular, by comparing the performance of the shrinking
based bootstrap versions with the standard recursive bootstrap, it follows that the
effect of shrinking is to improve (empirical) size properties even for the cases where
the standard recursive bootstrap is consistent. Moreover, even when compared to the
infeasible ‘oracle restricted” bootstrap, the shrinking based bootstraps are not far from
this in terms of rejection probabilities.

Second, recursive bootstrap implementations of our tests perform slightly better
than the corresponding fixed volatility bootstraps. This results is different from what
reported in Cavaliere et al. (2018), where however no nuisance parameters on the
boundary of the parameter space are allowed.

Third, there are no substantial differences in terms of which estimator is chosen
in order to construct ; that is, (shrinkage) unrestricted and restricted bootstraps
have similar behaviour in terms of size control. While the choice of the bootstrap true
parameters is indeed crucial in other testing problems (see e.g. Cavaliere et al., 2012)
and, in particular, restricted estimators tend to deliver better size control, for the testing
problem considered here this is not the case.

Fourth, in terms of finite-sample size control, the proposed bootstrap tests are clearly
superior to the ‘m out of n’ bootstrap, which is oversized for small values of k& and un-
dersized for larger values of k. Overall, the MAD and RMSE of the ‘m out of n’ boot-
strap is approximately doubled compared to those of our shrinkage-based procedure.
Similarly, the proposed bootstrap tests substantially outperform the infeasible asymp-
totic test based on the assumption that the limiting null distribution of LR, is known
in advance. This is an important result, as it clearly show that not only the proposed
bootstrap estimates the correct limiting distribution LR,,, but it also delivers signifi-
cant finite-sample refinements, even at the larger sample sizes.

Fifth, as expected, see the discussion in Remark 3.4, the standard restricted boot-
strap performs well in case Cy, where there are no nuisance parameters on the bound-
ary. This is consistent with the theory in Cavaliere et al. (2017) and Cavaliere et al.
(2018), where the parameters not restricted by the null hypothesis are all in the interior
of the parameter space. Unfortunately, this bootstrap is not valid in the general case.

Sixth, for case Cg, in terms of size our shrinkage bootstrap tests are again very
similar to the restricted bootstrap tests, despite shrinkage is not required here. This
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shows that cost of shrinkage — when it is not needed — is actually very low. For cases
C;1-C4, the standard bootstrap is not mimicking the correct null distribution and its
implementation leads to undersized tests®.

Seventh, note that the M-based test is based on the least favorable configuration of
the location of the nuisance parameters and hence is expected to be conservative, see
also Andrews and Guggenberger (2009) and McCloskey (2017). The results confirm this:
the M-based test is indeed conservative in small samples for the two cases where the test
is asymptotically valid (case Co and case C4). For case Cy, with one nuisance parameter
on the boundary of the parameter space, the asymptotic test becomes undersized, even
for n = 1000, reflecting that the true limiting distribution shifts to the left in the ARCH
case, see the discussion at the end of Section 2.1. In case C, and case C3, the asymptotic
test gets increasingly undersized, suggesting that the true limiting distribution also
shifts to the left in these cases.

Overall, the proposed bootstrap procedure gives excellent size control, irrepectively
of how many (if any) nuisance parameters are on the boundary of the parameter space.

5.3 EMPIRICAL REJECTION PROBABILITIES UNDER THE
ALTERNATIVE

We now investigate the ERPs for tests of Hy : 5 = 0 under the alternative with a5 o = &
where

a € (0.025,0.05,0.1,0.2,0.3).

The corresponding ERPs are reported in Table 2 for the five cases Co—C4 and for samples
of size n = 500. In addition, in order to make the ERPs directly comparable, in Table
3 we report pointwise size-corrected rejection frequencies. These are constructed as
follows: for each case under the null, a5 9 = 0, we store the nominal level that would
have given an ERP of 10%, and then use this nominal level for parameter combinations
under the alternative, a5 > 0. This type of size-correction is obviously infeasible in
practice, but makes the ERP’s directly comparable, see also Davidson and MacKinnon
(2006) and Cavaliere et al. (2015). The last column in Table 3 corresponds to the (size-
adjusted) power of the (infeasible) asymptotic test.

[Table 2 about here]

[Table 3 about here]

5We conjecture that the fact that the standard bootstrap tests are undersized is a consequence of
the correlation structure in the ARCH case. For other models with positive correlations, the standard
bootstrap may be over-sized.
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The following points can be made out of these tables.

First, and as expected, for all tests, power is monotonically increasing as the true
a5 gets further away from the null hypothesis.

Second, the shrinkage device implemented in the proposed bootstrap tests does not
seem to affect the power of the test. The behaviour in terms of (size-adjusted) ERPs of
our tests matches the (size-adjusted) ERPs of the (M-based and infeasible) asymptotic
test. In particular, this is true even for the cases where shrinkage is not necessary (for
instance, case Cp).

Third, there are no substantial power differences in terms of which estimator is
chosen in order to construct 67 : shrinkage with the unrestricted estimator and shrinkage
with the restricted estimator deliver bootstrap tests with similar behaviour in terms
of ERPs under the alternative hypothesis. While in other testing problems the use of
unrestricted estimators tend to deliver better power, this is not the case here. A possible
explanation is that for both our restricted and unrestricted bootstraps we set v = 0 in
the bootstrap DGP — that is, we impose the null hypothesis on the bootstrap sample.

Fourth, in terms of ERF's under the alternative, recursive bootstrap implementations
of our tests perform slightly better than the corresponding fixed volatility bootstraps.
The gap between recursive and fixed volatility bootstraps is, however, rather marginal.

In summary, the new tests show excellent power properties, with ERF's almost iden-
tical to those of the infeasible LR test based on the unrealistic assumption that the prac-
titioners knows which nuisance parameters are on the boundary of the parameter space.

5.4 CHOICE OF THE TUNING PARAMETERS

We conclude this section with a brief analysis on the choice of the shrinkage sequence ¢,
used to construct the bootstrap true values. More specifically, in order to investigate the
effect of the choice of ¢,, we set, as done earlier in this section, ¢, := vn~°¢, with ¢ = 0.45.
The tuning parameter v is now chosen in the set V := {0.2,0.4,0.8,1.2,1.6,2.0} (recall
that the results in sections 5.2 and 5.3 are based on v = 1.6). With this choice of V we
are able to cover quantiles of the distribution of &; for i = 1,2, 3,4 from approximately
60% to 99%.

We also consider the choice of the length of the bootstrap sample for the ‘m out of
n’ bootstrap implementation. Here we set, as before, m,, := cn/log(n) with the tuning
parameter ¢ in the set C := {1,1.5,2,2.5,3,3.5} (the results in sections 5.2 and 5.3 are
based on ¢ = 1.5). With this choice, mjg ranges from 21 to 76 while m499o ranges from
144 to 506.

[Table 4 about here]

The most important point that can be made out of Table 4 is that the finite-sample
behaviour of the shrinkage-based bootstrap tests under the null hypothesis is quite
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robust with respect to the choice of tuning parameter v. In particular, for v > 0.8 we
find no substantial differences, for all the sample sizes n considered. For n < 500, smaller
values of v implies that the cut-off point is such that virtually all bootstrap parameter
values are not set to zero corresponding to no shrinkage. As a result, the tests tend to
behave as the standard restricted bootstrap and therefore can be slightly undersized.
In general, our bootstrap test tends to outperform the ‘m out of n’ bootstrap across
different values of ¢ and v.

6 CONCLUSIONS

Testing whether a subset of the parameters lie on the boundary of the parameter space
is a classic inference problem in statistics and econometrics. The ‘parameter on the
boundary problem’ is particularly important for economics, where most models involve
parameters restricted by some inequality constraints; see e.g. Chernozhukov, Hong and
Tamer (2007). Chernoff (1954) was the first to notice that Wilks’ classical result about
the y2-type asymptotic distribution of likelihood ratio statistics breaks down when the
true parameter is a boundary point. Andrews (1999, 2001) provides a comprehensive
framework for dealing with estimation with parameters on the boundary and testing
that a subset of the parameters is on the boundary. While dealing with very general
econometric models, parameter spaces and restrictions, a maintained assumption which
is required in order to obtain feasible tests is that the parameters not restricted by
the null hypothesis are indeed interior points (see Francq and Zakoian, 2007, 2009).
When this is not the case — as it is in most empirical applications — the asymptotic
distributions of the test statistics depends on nuisance parameters which are unknown.

In this paper we have proposed a bootstrap-based approach to (LR) testing whether
a subset of the parameter vector lie on the boundary of the parameter set, here defined
thorough inequality constraints. The bootstrap just requires a simple, straightforward
to implement, adjustment of the parameter values used to generate the bootstrap data.
We have shown that our bootstrap consistently estimate the relevant asymptotic null
distribution, irrespective of the number (and location) of nuisance parameters on the
boundary. Under the alternative, the associated bootstrap statistics are bounded in
probability, hence making the bootstrap test consistent.

Validity of the bootstrap for ‘parameter on the boundary’ problems is far from being
expected. In particular, even in simple econometric models the classic (unrestricted)
bootstrap fails to mimic the correct asymptotic distributions (Andrews, 2000). Other
bootstraps such as the restricted bootstrap works only in the special case where there
are no further parameters on the boundary (Cavaliere et al., 2017, 2018). In this respect,
our results unexpectedly show that the bootstrap may indeed be an extremely powerful
device in econometric models featuring parameters on the boundary.

In the paper we have also shown how our results can be applied to the classic problem
of inference in ARCH models subject to non-negativity parameter constraints; that is,
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testing significance of one ARCH coefficient when there is uncertainty about the nullity
of the remaining parameters. There are many further open problems in the literature
that may be analyzed in our framework.

In the application to ARCH we have focused on a single parameter constraint d.,
but the analysis can be extended to tests on a general subvector of parameters. For
instance, consider the ARCH(22) for daily returns z, := (w + 3.2, aga? )%, n,
i.1.d.(0,1) and, in the spirit of the HARCH model of Corsi (2009), suppose that interest
is in the null hypothesis Hy : |, 41520 @ = 0, which implies that the only relevant ARCH
parameters are those corresponding to the daily (i = 1), weekly (i = 5) and monthly
(1 = 22) frequencies. The asymptotic distribution of the LR test for Hy depends on «,
1 = 1,5,22 being on the boundary or not. The implementation of our bootstrap test
allow inference without prior knowledge of the location of these three parameters.

Another important application is within the PARX class of models of Agosto, Cav-
aliere, Kristensen and Rahbek (2016), which assumes that the behaviour of a count
variable g; over time can be described by a Poisson random variable, with intensity \;
measurable with respect to the past information set and given by

P q r
A =w+ Z QYe—i + Z BiAi—j + Z%ﬂkt;
i=1 j=1 k=1

where the (exogenous) regressors zy,’s, as well as the a;’s, 3;’s and 7,’s, are all non-
negative. The outcome of an asymptotic test on any of the parameters depends on the
location of the remaining parameters (and, in particular, on whether they are boundary
points or not). Our bootstrap approach circumvents this problem and allow inference
without making unrealistic assumption on the location of the unknown parameters.

There are obviously further extensions of our work which are left open for future re-
search. For instance, we have here focused on parameters spaces defined through non-
negativity constraints. The case of general linear and nonlinear restriction is indeed
important and deserves further investigations. We conjecture that versions of the boot-
strap defined here would apply to the general case.
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APPENDIX

This appendix is organized as follows. In Section A we present the proofs of our main
general results, Theorem 1 and the related Lemma 1. In Section B we provide the
proofs of the lemmas used to prove bootstrap validity for the ARCH model.

A PROOFS OF GENERAL RESULTS

A.1 PROOF OF THEOREM 1

By definition, the bootstrap likelihood ratio statistic is given by

LR, =2(L3(0,) — L5(0,)) = 2(L5(0,) — L (0%) — (L4(6,) — L (63)).

Next, as in Chernoff (1954) and Andrews (2001, eq.(3.3)) expand the bootstrap likeli-
hood function as

oLy () 1 2L (0%)
1 1
= S22 = San (0 - 0,)] + R (0),
with J; o= —n S 75— 1 2(7) 7 250 and

G = A= 20 (A= 2Z) = A= Z;

2
Jr

Due to Assumption 5, it holds as in Andrews (2001, Lemma 1), that \/ﬁ(éz —0)
andy/n (0, —0%) are Oy (1), in probability. This together with Assumption 5(iii), implies
that R; (0) = oy, (1), in probability, for 0 = @Z, 0.

By Assumption 5, it also follows by Andrews (2001, proof of Theorem 4(a)) that
the bootstrap likelihood ratio statistic satisfies,

LR = q:[n**(0), — 02)] — q5[n"/%(8, — 6%)] + 0(1),
in probability. Next,
2
= inf ||n'/?(0 - 63) — Z
Jr  6€o

2 *
g: T 0p (1)

Ak Ak

an (0, — 0:)] = 020

n n

—0.) -2,

2 *
g T 0p (1)

n

=ninf |0 — 0 — Zin~ '/
€O

=n inf H)\ — Win /2
A€O-6)

2 *
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in probability, where
W =n'20" —6)) + 77 (A1)

By Silvapulle and Sen (2005, Corollary 4.7.5), Assumption 6 and Lemma A.1(7), which
we give at the end of this section, as in Andrews (2001, Lemma 7),

inf ||\ — W2

it 2, = it [ w2

-1
Jnf . Top(n),

in probability, where AT is defined in (17). We conclude that
026, — %)) = inf |A—W;
Gl (0, — 07)) = k. A~

2 *
Jx +Op (1)7

in probability.

For any given k', without loss of generality consider the partition 3} = (ﬁom ) Odﬁ & )
with ng) =0fori=1,..k" and BdB kD > 0 fori = kT +1,...,ds. Likewise, let
A ol = R’f denote the part of the cone A; corresponding to the boundary points Bém),
and let Hy: denote the selection matrix of dimension (d, + k') X dy such that

Hy = (+, 801y (A2)
Then, as in Andrews (2001, proof of Theorem 2(b)), it holds that, in probability,

gy[n'?(0, — 03)] = inf | A= Wy|l%. + o} (1)
AEAT n

- )\EAIFXfABT A= Wl (Hyt I3 Hyg) ™ 0, (1)

Analogously, for the restricted bootstrap estimator we have that

x7,1/2 * . . x|2 *
qp[n (9 —0,)] = ,\e{o]glvfoﬁf A HkTWn||(HkTJ;71HI’QT)*1 +0,(1),
k

in probatility.
Collecting terms, it holds by Lemma A.1(%i) that, in probability,

LRy, = g;[n'*(0, — 03)] — g [n'(6,, — 03)] + 03(1)
= inf ||A—HHW,’;||§HHJ;,1H],€T),1— inf ||\ — HgW? ||HJ* 1H,)1+0;(1)

d Ay xA
)\E{O} ’YXABL XS ~ X BT
. 2 . *112 *
= inf )\—kaZ* x—177/ \—1 — inf )\—HkTZ w—177/ -1 + O 1).
k .

Under Hy, it follows that LR} gp L as claimed, since under Hy, k' = k, AT = A,
Q* = Q ¥* = ¥ and, by an application of the just given arguments from Andrews
(2001, Theorem 2(b)),

L= inf A= HZ|{yq 1y —

Ae{0}4 xAg

LA = HZ s

)—1
AEA, XA
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= inf |A-HZ|} L= inf A= HuZ|? N
,\e{oingﬁk | g H(HkQ”H;Q) ' )\EAljleﬁk | k |’(HkQ*1H]’€) !

Finally, under the alternative, LR} w—tp LT, with

T: 3 _ * (|2 _ : _ * (12
0 ot A 2 iy =\l A= Fae 2 -
k
(A.3)
This completes the proof. [

LEMMA A.1 With W} defined in (A.1), and 0; satisfying Assumption 4, then under
Assumption 5, (i) Wy = Oy (1), in probability, and (ii) Hy: W w—tp Hy Z*, where Hyg
is given in (A.2).

PROOF: Recall that W* = n'/2(0* —0})+Z*. The result in (i) follows as, by Assumption
4, n'2(9;, — 0}) = O, (1) and, by Assumption 5, Z; = O%(1), in probability. Turning to
(i), Hy W = Hyan (0% — 03) 4+ Hys Z*, where by definition of Hy+ and Assumption 4,
it follows that Hyin'/2(67 — 63) = 0,(1). By Assumption 5, Hy: Z* w—*>p Hy1 Z*, and the
result holds by an application of a bootstrap version of Slutzky’s Lemma. O

A.2 PROOF OF LEMMA 1

By Assumption 1, it follows by Andrews (2001, Lemma 1) that /n(0, — 6p) = O,(1).
As in this case 0} = (71, 8, 61y = (0%, By, dp)', we have \/n(d;, — 55) = 0,(1), while
\/H(Bm — 681) = 0,(1), for i =1, ...,dg. It remains to show that (14) in Assumption 4
holds.

Suppose first that 3); = 0. By (15), B,c,' = n'/2B, ;(n"?c,) ™t = 0,(1)o(1) = 0,(1).
Hence for any ¢ > 0,

P(]I(Bn,i > cp) >€) < P(]I(Bn,i >c,)=1)= P(Bn,i > cp) = P(Bn,i/cn >1) — 0,
and we have that ]I(Bm- > ¢,) = 0,(1). Hence, for ﬁ(T),i =0,
V(B = Bh:) = VB = VB, 1B, > ca) = 0p(1)0,(1) = 0,(1).
Suppose next that ﬁ&i > 0, and note that
VBl = BL:) = V(B = BLILBs > en) = VBB, < en). (A.4)
It holds that n'/2(3, ;- 8} ,)/(n/?c,) = 0,(1) and B ; /¢, — oo, such that for any e > 0

P(n*(B,,; = By (%)™ + Bl fen > €) = 1,
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ie. n'/2(B,.; — BY,)(n'?c,) "t + B /e, diverges to co. Hence, for any € > 0

~

P((1—=1(B,; > cn)) >¢) = ((ﬁm<0n)>€)<P(5 < ¢n)
:P(n ( nz_ﬂOz)( 1/2 n) > _Bo,z‘/cn)
= P( ( ng 60,1)( 1/2071)_1 + Bg),z'/cn <1)
=1-P(n"2(B,; = B5)(n'?ea) ™t + Bl /en > 1) — 0,
and we have that I[(Bm > ¢,) — 1 = 0,(1). We conclude that \/ﬁ(A ;= Bzr”)]l(ﬁm >

¢n) = Opy(1), so in light of (A.4), it remains to show that \/ﬁﬁg’iﬂ(ﬁm < ¢y) = 0py(1).
Note that for any ¢ > 0, by similar arguments as above,

P(Vl(B,; < ¢2) > &) < P(I(B,; < ¢n) = 1) = P(B,;, < ca) =0,
and we have that \/ﬁ]l(ﬁm < ¢,) = 0,(1). We conclude that for 58’1- >0, v/n(B,; —
ﬁ$z> = Op(1>- O
B PROOFS OF LEMMATA 2-4
Throughout this section, we make use of the following notation and results. First, we let
2 1= (a:f_q,xf_l, ...,xf_(q_l), 1), (B.5)

such that with & > 0, E[[|z]/*] < oo if Ef|z[*"] < co. Second, with o7(6) := 0'z;, and
for any 0,60 € O, it holds that

D

g

0 _
& < wzlolll=l.

+N

g

Finally, suppose that E[|z;|?*] < oo with k& > 0. Then,
HONS
B(%5) <o

for any 6,0 € ©.

B.1 PROOF OF LEMMA 2

We initially consider the convergence of 9* Recall that the bootstrap true value is

given by 0 = (0, {a;nl (G5 > cn)}i_, 4—1+@n)". Under Assumption 3 and the stated

condition on {c,}, Lemma 1 applies such that

0r L 0l = (0, {aio}_,

n

ot o)’ (B.6)

.....

under Hy and under the alternative, where, in particular, H[T) = under Hy.
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We now prove that the bootstrap unrestricted estimator is consistent for 98; that
is, 9; Z,, 6l. Consistency of the bootstrap restricted estimator 0, follows using similar

arguments but with © replaced by Oy, in (3) with d, = 1. The proof consists of two
steps. First, we show the uniform convergence result

sup [~ L, (6) — M(8)] &, 0,
0cO

where M (-) is an asymptotic estimating function given by

o208
M(0) = =3B [log a(0) + %08 | (B.7)

Second, we show that identification in terms of M (-) applies; that is, for any 0 € ©, we
have that M(6}) > M (6), with equality if and only if 6 = 6].

UNIFORM CONVERGENCE. Consider the following inequality
sup [n”' Ly, (0) — M(0)| < sup [n™"L;,(0) — E*[n"" Ly, (0)]] + sup | E*[n~"L;,(0)] — M(0)]
0cO 0cO 0cO
= T]ik,n + T2,n7
with T7,,, T, implicitly defined. We have

Tt, =sup|n™" Ly (0) — E*[n""L;,(0)]]
0cO

=sup (n
0cO

ap? o7 (0, _ *
I8 4 (towo 0)+ i) 7 5 1 (oo 0+ ) | = suplGa0)

where G (0) == (2n) ' S0, (12 — 1)a2(6)o7 2 (A). In order to show that 17, —*>p 0, we
apply Lemma B.4 of Cavaliere, Nielsen, and Rahbek (2017) which requires establishing

that, for all 6,6 € O,
Ga(0) 5,0, |GE(0) — GL(B)] < Bzllo -], (B.8)

where B* does not depend on @ and # and satisfies E*[B*] = O,(1).
Consider the first term in (B.8). By Chebychev inequality and using that E*[(n;% —
1)(n*—1)] =0 for t # s, for any 0 € O,

n *2_1)52(9* 2
P*(IG%(8)] > ¢) < On2E" {z (et }

N (0210205 [ (E2=1)02(6%)
£ 5, () ()




< Cwpn™E* [(n2 = 1] 16,17 Z 2]
= Cn72op<1)0p< )Op(n) = Op(n71)7

where the last equality holds by Lemma B.5 together with the fact that {z;} is ergodic
with E[z}] < oo. Consider now the second term in (B.8). We have

G1(6) - GO = |3 L (ni” ><02><%-%)‘
= | S~ ot (i)
<o =11 || 3™ 2017 = 0202 (557 ) =
<10 = Bl 32 1 = Vd@)a] = 116 - 815,

and it is straightforward to show that E*[B}] = O,(1), using again Lemma B.5, 0, =
O,(1), and that {z,} is ergodic with F[z}] < oc.
Next, consider T5,,. We have that

-1 05
= sup |—n 125(105;05 (6) + U;(;))) M(Q)'
0co =1
< sup |- 354 (togr 0) + ) - br10)
0co =1
n * n o267
+sup|n~ 'Y 3 (log o7 () + 052((99’3)> —n 'y 4 <log o} (0) + ;2((95’))> ’
0e® t=1 ¢ t=1 ¢
= sup [-n ' 3> 1 (logo? (6) + TR ) — M1(6)
0co =1
n 0.2 * _0.2
+sup |n~! 3 ; ( z(97;)2 9;(90)) :
0O t=1 k

where the first term tends to zero in probability by the ULLN (since F[z}] < c0), and
the second term is bounded by

167, — bl IZHth = 0p(1)-

We conclude that 15, LN 0, and hence the desired result holds.

IDENTIFICATION. First, note that M(6}) — M (6) is well-defined on © since E[z2] < oc.
Then

o? ) a? of
M(6}) — M(9) = —3FE log o2(}) + UEEOE;] +3IE [log o2 () + 2
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1 a3 (0}) a2 (0})
—1p [— log ( ;3(;)) + 2 1] >0,

with equality if and only if 02(0]) = 02(#) with probability one, which by standard
arguments is true if and only if § = (9;5. This completes the proof. OJ

B.2 PROOF OF LEMMA 3

The proof follows by Lemmas B.2 and B.3 below together with an application of the
bootstrap version of Slutzky’s Lemma.

LEMMA B.2 Suppose that Assumption 3 holds. Then

1 . xxy W *
%Zst(en) —p N(()?Z )7
t=1

where st(07) = Al (0%) /00 and X* = E[(01,(0})/00)(01,(6})/06")] > 0

Proor: Recall that

n 'Lk (0) = —5- Z {logat (0) + 0?229)}, o7 (0) = 0'z.

and hence that s7(6;) = —1 {1 — n*} 0, %(6},) 2.
Similar to Cavaliere et al. (2018) the result holds by verifying, with ;" = o(z*
s=0,..,1):
(i) E*[si(0)|F ] =
(i) n' o0, Bo[si(0,)s7(0,) | Fiy] %, % > 0,
(i) n=t 300y B [(Ns7(6))" T(IN's7(6;)] > en'/?)] £ 0,
for any A € R* and any ¢ > 0. Condition (i) is immediate, since E*[n;%|F; ] =

E*[n?] = 1. For (ii), note that s;(0})is, conditionally on the data, an independent
process, and hence

n S B s 0)5 0 17 = S B (5 60,)s1 63
=73 (203(6) " w2 (1 - )]

< é (9*)ztzt) B (1 - m2)Y.
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By Lemma B.5, E*[(1 — 1;2)*] = O, (1). Moreover, as E[z5] < co, E [supgeo llor*(0)z21]|] <
oo and, by the ULLN for stationary and ergodic processes,

2. (B.9)

sup
fc®

n' S o4 (0)zz, — E [0,4(0)22]
t=1

Using (B.9), 87 % 6], compactness of ©, and continuity of £ [074(0)2:2;] at 0}, we have
that .
n Y o 05 B B o7 (0h)2)
t=1

and hence that (ii) holds with ¥* > 0, since \'z; # 0 with probability one for any
A€ RetL
Turning to (iii), N's:(6%) = (1 — ) o, %(6%)\ 2, such that

B [(Xs (00 1(Xs7 (8] > en'’)] < Cn2E" [(Vs7(6;))]

— Op~L/2 (0;2(82))\'%)3 B [(1 B 77:2)3}

< Cn P sup o 2OV =B | (1- 52|

00

< C|>\lzt|3n—1/2E* [(1 _ 7’]:2)3] _ n_1/2|A/Zt|3Op(1),
where we have used Lemma B.5. Hence, (iii) holds as E[z¢] < oc. O
LEMMA B.3 Suppose that Assumption 3 holds and, in addition, that E[z8] < co. Then,

—nLORLE(07) /9000 s,

where 2 = %E[0[4(9$)ztzé] with z; defined in (B.5), and Q* = Q under Ho.
PrOOF: Define Q* := 1E[o;74(0))z2)], @ = tn 'S0 0740222 and J* (0) =

- 2 n T2

—n~r92L%(0)/00060'. We have
17:(67) — (| < [15(67) = Qll + (192, — €71, (B.10)

where the second term on the right hand side tends to zero in probability by standard
arguments using that E[z%] < oo and 6% — 0} = 0,(1). To see that first term tends to
zero, note that the result holds if for all 4,57 =1,...,q + 1,

|0 YPL;(07)/00:00; — ()] %, 0.
By definition,
— n_182L;(02)/80,-89j — ()4

= S = Do ) [ — Y o 60 s
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- ; (77:2 - 1) Ut_4 (67) [thz]” )

and by arguments similar to the ones given in Cavaliere et al. (2018, Proof of Lemma
A.8), using that E[z}] < oo, we have that [|.J}(6;,) — Q5| is 03(1), in probability, and
hence [|.J;;(0;,) — Q*|| = 0;(1), in probability. Finally, observe that under Hy, 05 = 6,
such that Q = —E[0%,(0)/0000'] = SE[o;* (60) 22 = Q*.
0
B.3 PROOF OF LEMMA 4

It holds that for any i, j,k=1,...,q + 1,
L BLx(6 1 ~ < ) Zti%t 5%tk
80 90; c%’k — al(0) -
Using that 2 = n}202(0;) = 120} 2, with z; defined in (B.5), for any i, j,k = 1, ..., ¢+1,

& 2(07) 24252
L <377*20t( n) 1) ti%t 2tk
tz:; " a}(0) of(0)

t

PL (0)
90,00,00, | =

sup
0cO

n
<n 'S B0z + 1) wrziz iz
t=1

. *
= K7,

and it suffices to show that K = Oy(1), in probability. Given the the stated moment
conditions, this follows by an application of Markov’s inequality conditionally on the
original data.

B.4 AUXILIARY LEMMATA

LEMMA B 4 Suppose that Assumption 3 holds. If E|zy|* < oo for some k > 1, then
nt Y = Eny.

PROOF: Note that, with z; defined in (B.5),

i y k)2 A
~k — xt — mt — (962t> N 1 _ k 0
R TOR ) CERT ST AR { 0+ ge(0n),

where we set g,(0) := n*((042:(0'2,)~1)*/? — 1), such that g;(6y) = 0 . By the LLN for
i.i.d. processes, n '3 nF % Enk. To show that

nl z nEgu(B) = 0p(1), (B.11)
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and, for any 6 € ©,
19:O)] < 1" + 1|10 2/ 20 2.

Hence,
E?QMWWSC+CMMW<M7
€

with C' denoting a generic positive constant. By the ULLN for ergodic processes,

sup [n~' 3 gi(0) — Egi(0)| = 0,(1)
0cO t=1

and, using that ||6,, — 6o = 0,(1), © is compact, and E[g,(d)] is continuous at 6, we
have that n™* Y7 | ¢:(0,) — E[g:(60)] = 0,(1), which implies (B.11). O

LEMMA B.5 Suppose that Assumption 3 holds. Then, E*[n:*] 2 E[n¥], for k € [1,6].

PrOOF: The result follows by Lemma B.4 and the arguments given in the proof of
Lemma A.11 in Cavaliere, Pedersen, and Rahbek (2018). O
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TABLE 1: Empirical Size for the ARCH(5) Example.

Shrinking-based bootstrap Standard bootstrap Asymptotic
Unrestricted Restricted ‘m out of n’ Oracle
fixed vol. recursive fixed vol. recursive bootstrap Restricted restricted M-based Infeasible
n Co: (WO,051)0,042’0,0z3,0,044’0701570) = (1,0.1,0.1,0.170.1,0)
100 10.0 114 9.7 11.2 11.4 9.5 9.5 6.7 7.2
500 11.0 11.3 10.7 11.3 12.1 10.1 10.1 8.4 9.0
1000 10.8 11.3 10.6 11.1 12.2 10.5 10.5 9.3 9.8

C12 (WO, «1,0,2,0,03,0, 24,0, 05570) = (1, 0133, 0133, 0133, O, 0)

100 9.3 10.8 9.0 10.7 10.7 8.9 9.9 6.4 7.3
500 10.2 10.7 10.0 10.8 11.1 9.0 10.4 7.6 9.2
1000 10.1 10.5 9.9 10.4 11.0 9.1 10.3 8.2 9.7

Co: (wo, 01,0, 2,0, ¥3,0, Q4,0,@5,0) = (1,0.2,0.2,0,0,0)

100 8.2 9.7 8.1 9.6 9.4 7.7 9.7 5.2 7.5
500 9.1 10.1 9.1 10.0 9.2 7.2 10.1 6.2 8.9
1000 10.0 10.3 9.9 10.4 9.0 7.6 10.4 6.9 9.5

C3Z ((.Oo, 06170, 052707 Ot3707 04470, 045,0) = (1, 04, 0, O, O7 0)

100 8.1 10.2 7.9 10.0 8.9 7.0 10.1 5.2 8.0
500 9.2 10.0 9.2 10.0 7.8 6.5 9.9 5.9 8.8
1000 10.1 10.4 10.2 10.4 8.2 6.8 10.4 6.6 9.5

Cs: (wo, 01,0, 2,0, 3,0, a0, 050) = (1,0,0,0,0,0)

100 8.3 10.9 7.9 10.7 9.3 7.4 10.3 7.2 7.5
500 9.1 10.1 9.1 10.0 8.5 7.1 9.9 8.2 8.7
1000 10.0 10.3 9.9 10.3 8.2 7.7 10.3 9.2 9.7
MAD 0.73 0.57 0.78 0.52 1.32 1.94 0.26 2.85 1.31
RMSE 0.98 0.73 1.05 0.67 1.44 2.22 0.30 3.12 1.60

Notes: Empirical rejection frequencies under the null hypothesis, cs o = 0. The nominal level is 10%. Bootstrap p-values
are based on 199 bootstrap replications and the simulation is based on 10000 Monte Carlo replications. The shrinking-
based bootstrap uses ¢, = 1.6n=945 and the m-out-of-n bootstrap uses my = 1.5n/log(n). The oracle bootstrap is based
on restricted estimates and imposes the correct zero coefficients for each case. The feasible asymptotic test uses the
distribution M for all cases. The infeasible asymptotic test uses critical values simulated for each case with T = 20000.
MAD and RMSE measure the overall deviation from the nominal level across cases and sample sizes.
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TABLE 2: Empirical Unadjusted Power for the ARCH(5) Example.

Shrinking-based bootstrap Standard bootstrap Asymptotic
Unrestricted Restricted ‘m out of n’ Restricted Oracle
fixed vol. recursive fixed vol. recursive bootstrap restricted M-based Infeasible
Q5.0 Co: (OJ()7Ozl,o,042’0,043}0,044’0,0%’0) = (1,0.170.1,0.1,0.1,0)

0 11.0 11.3 10.7 11.3 12.1 10.1 10.1 8.4 9.0
0.025 25.1 25.6 24.3 25.6 26.8 23.8 23.8 20.8 21.8
0.05 41.9 42.6 41.2 42.7 44.2 40.6 40.6 37.1 38.2
0.1 73.3 73.9 72.8 73.8 74.9 72.1 72.1 69.6 70.5
0.2 97.0 97.3 97.0 97.3 97.6 97.1 97.1 96.5 96.7
0.3 99.8 99.9 99.8 99.8 99.9 99.8 99.8 99.7 99.8

C12 ((..d()7 Ot170, 04270, 043,0, 06470, 05570) = (1, 0133, 0133, 0133, 0, 0)

0 10.2 10.7 10.0 10.8 11.1 9.0 10.4 7.6 9.2
0.025 24.0 25.2 23.6 25.2 25.8 21.9 24.5 20.1 22.6
0.05 41.6 43.0 41.1 43.0 43.5 39.4 42.0 36.9 40.1
0.1 73.5 74.5 73.1 74.4 75.0 71.9 74.2 70.0 72.3
0.2 97.3 97.5 97.3 97.5 97.7 97.2 97.5 96.7 97.1
0.3 99.8 99.9 99.8 99.9 99.9 99.8 99.9 99.8 99.8

Ca: (wo, 1,0, (2,0, 3.0, a0, 5.0) = (1,0.2,0.2,0,0,0)

0 9.1 10.1 9.1 10.0 9.2 7.2 10.1 6.2 8.9
0.025 25.3 26.5 25.3 26.4 25.1 21.2 26.6 19.5 24.6
0.05 44.7 46.6 44.5 46.7 44.9 40.5 46.9 38.0 44.2
0.1 7.4 78.5 7.3 78.4 77.5 74.4 78.5 72.6 7.3
0.2 98.2 98.3 98.2 98.3 98.3 97.7 98.4 97.5 98.2
0.3 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9

Cs: (wo, 01,0, 2,0, 3,0, 4,0, 050) = (1,0.4,0,0,0,0)

0 9.2 10.0 9.2 10.0 7.8 6.5 9.9 5.9 8.8
0.025 29.0 30.2 28.8 30.3 26.7 23.0 30.3 21.8 28.1
0.05 51.6 92.7 ol.4 52.9 49.2 44.4 92.9 43.5 50.7
0.1 82.5 83.7 82.5 83.6 81.4 78.3 83.8 78.0 82.5
0.2 98.9 99.0 98.8 99.0 98.8 98.4 99.0 98.4 98.9
0.3 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9

Cs: (wo, 01,0, 02,0, 3,0, 40, 50) = (1,0,0,0,0,0)

0 9.1 10.1 9.1 10.0 8.5 7.1 9.9 8.2 8.7
0.025 21.9 23.5 21.6 23.4 20.1 17.7 23.2 20.9 21.5
0.05 38.3 40.0 38.0 39.9 36.2 33.1 39.7 36.6 37.7
0.1 70.1 72.3 70.0 72.3 68.0 65.4 72.2 69.3 70.2
0.2 96.8 97.1 96.8 97.1 96.3 95.9 97.1 96.7 96.9
0.3 99.8 99.8 99.8 99.8 99.7 99.6 99.8 99.8 99.8

Notes: Empirical rejection frequencies under the alternative hypothesis, aso > 0, for n = 500. The nominal level is
10%. Bootstrap p-values are based on 199 bootstrap replications and the simulation is based on 10000 Monte Carlo
replications. The shrinking-based bootstrap uses ¢, = 1.6n°4 and the m-out-of-n bootstrap uses m, = 1.5n/log(n).
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TABLE 3: Empirical Size-adjusted Power for the ARCH(5) Example.

Shrinking-based bootstrap Standard bootstrap Asymptotic
Unrestricted Restricted ‘m out of n’ Restricted ~ Oracle Infeasible/
fixed vol. recursive fixed vol. recursive bootstrap restricted M-based
as,0 Co: (wo, 1,0, 2,0, @30, 04,0, 050) = (1,0.1,0.1,0.1,0.1,0)
0 10.1 10.3 10.3 10.3 10.3 10.1 10.1 10.0
0.025 23.2 23.9 23.4 23.7 24.0 23.8 23.8 23.4
0.05 39.7 40.5 40.2 40.5 41.2 40.6 40.6 40.3
0.1 71.5 72.2 71.8 72.1 72.2 72.1 72.1 72.2
0.2 96.7 97.0 96.8 97.0 97.1 97.1 97.1 97.0
0.3 99.8 99.8 99.8 99.8 99.8 99.8 99.8 99.8
Cll (wg, 1,0, 20,730,740, 05570) = (1, 0.133, 0.133, 0.133, 0, 0)
0 10.2 10.2 10.0 10.3 10.0 10.4 10.4 10.0
0.025 24.0 24.3 23.6 24.2 24.0 24.4 24.4 23.7
0.05 41.6 42.0 41.1 42.0 41.7 42.2 42.0 41.5
0.1 73.5 73.8 73.1 73.6 73.5 74.2 74.2 73.5
0.2 97.3 97.4 97.3 97.4 97.3 97.5 97.5 97.4
0.3 99.8 99.8 99.8 99.9 99.9 99.9 99.9 99.9
C2: (wo, a1,0,¥2,0, @3,0, (4,0, a570) = (1, 0.2, 0.2, 0, 0, 0)
0 10.0 10.1 10.0 10.0 10.1 10.1 10.1 10.0
0.025 27.0 26.5 26.8 26.4 26.7 26.7 26.6 26.5
0.05 46.7 46.6 46.7 46.7 46.7 47.1 46.9 46.4
0.1 78.7 78.5 78.6 78.4 78.7 78.4 78.5 78.6
0.2 98.4 98.3 98.4 98.3 98.4 98.4 98.4 98.4
0.3 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9
C32 (wo, @1,0, @20, A3,0, 4,0, 04570) == (1, 04, O, O, O, 0)
0 10.2 10.5 10.2 10.0 10.1 10.1 10.5 10.0
0.025 30.9 31.3 30.7 30.3 30.6 30.7 31.3 30.4
0.05 53.3 53.8 53.0 52.9 53.4 53.0 53.6 53.2
0.1 83.6 84.2 83.5 83.6 83.7 83.6 84.2 83.8
0.2 99.0 99.0 98.9 99.0 99.0 99.0 99.0 99.1
0.3 99.9 99.9 99.9 99.9 100.0 100.0 99.9 100.0
C4Z (wo, 1.0, 2,0, 130,74,0, 045,0) = (1, 0, 0, 0, 0, 0)

0 10.2 10.1 10.1 10.0 10.0 10.1 10.4 10.0
0.025 23.4 23.5 23.2 23.4 22.9 23.2 24.1 23.8
0.05 40.1 40.0 40.1 39.9 39.7 39.4 40.8 40.4
0.1 71.8 72.3 71.8 72.3 71.3 71.3 73.0 72.4
0.2 97.1 97.1 97.1 97.1 96.9 97.0 97.3 97.1
0.3 99.8 99.8 99.8 99.8 99.8 99.8 99.8 99.8

NoOTES: Pointwise size-adjusted rejection frequencies under the alternative hypothesis, aso > 0, for n = 500. The
nominal level is 10%. Bootstrap p-values are based on 199 bootstrap replications and the simulation is based on
10000 Monte Carlo replications. The shrinking-based bootstrap uses ¢, = 1.6n~°4% and the m-out-of-n bootstrap uses
m, = 1.5n/log(n).
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