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Abstract

In this paper, we consider bootstrap jump tests based on functions of realized volatility and
bipower variation, as originally proposed by Barndorff-Nielsen and Shephard (2006). Our aim is
to improve the finite sample size of the asymptotic theory-based tests while retaining good power.
In order to do so, we generate the bootstrap observations under the null of no jumps, by drawing
them randomly from a mean zero Gaussian distribution with a variance given by a local measure
of integrated volatility (which we call {0]'}).

Our first contribution is to give a set of high level conditions on {0/} such that any bootstrap
method of this form has the asymptotic correct size and is alternative-consistent. We then verify
these high level conditions for a specific example of {9'} based on the product of L multipowers
of local realized volatility estimates, each of them computed over M consecutive non-overlapping
intraday returns. We show that this choice satisfies our high level conditions under both the null
and the alternative hypothesis of jumps when the maximum of the multipowers is strictly less than
1/2. This is equivalent to letting L > 2 when the multipowers are all equal to 1/L. When L < 2,
the bootstrap is able to mimic the null distribution only under the null of “no jumps”. In particular,
we cannot guarantee that it is alternative-consistent when L = 1 and M = 1, which corresponds
to the standard wild bootstrap based on a Gaussian external random variable. Our simulations
confirm that this choice has very poor finite sample properties. The simulations also show that
by appropriately choosing M and L, we can greatly reduce the overrejections that are typically
associated with the Barndorff-Nielsen and Shephard (2006) tests without compromising power.

Keywords: jumps, bootstrap, block multipower variation.

1 Introduction

A well accepted fact in financial economics is the fact that asset prices do not always evolve continuously
over a given time interval, being instead subject to the possible occurrence of jumps (or discontinuous
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movements in prices). The detection of such jumps is crucial for asset pricing and risk management
because the presence of jumps has important consequences for the performance of asset pricing models
and hedging strategies, often introducing parameters that are hard to estimate (see e.g. Bakshi et
al. (1997), Bates (1996), and Johannes (2004)). For this reason, many tests for jumps have been
proposed in the literature over the years, most of the recent ones exploiting the rich information
contained in high frequency data. These include tests based on bipower variation measures (such as
in Barndorff-Nielsen and Shephard (2004, 2006), henceforth BN-S (2004, 2006), Huang and Tauchen
(2005), Andersen et al. (2007), Jiang and Oomen (2008), and more recently Mykland, Shephard and
Sheppard (2012)); tests based on power variation measures sampled at different frequencies (such as
in Ait-Sahalia and Jacod (2009), Ait-Sahalia, Jacod and Li (2012)), and tests based on the maximum
of a standardized version of intraday returns (such as in Lee and Mykland (2008, 2012)). In addition,
tests based on thresholding or truncation-based estimators of volatility have also been proposed with
the objective of disentangling big from small jumps, as in Ait-Sahalia and Jacod (2009) and Cont and
Mancini (2011), based on Mancini (2001). See Ait-Sahalia and Jacod (2012, 2014) for a review of the
literature on the econometrics of high frequency-based jump tests.

In this paper, we focus on the class of tests based on bipower variation originally proposed by
Barndorff-Nielsen and Shephard (2004, 2006). Our main contribution is to propose a bootstrap im-
plementation of these tests with better finite sample properties than the original tests based on the
asymptotic normal distribution. In particular, our aim is to improve finite sample size while retaining
good power. In order to do so, we generate the bootstrap observations under the null of no jumps,
by drawing them randomly from a mean zero Gaussian distribution with a variance given by a local
measure of integrated volatility (which we call {0]'}).

Our first contribution is to give a set of high level conditions on {9]'} such that any bootstrap
method of this form has the asymptotic correct size and is alternative-consistent. We then verify these
high level conditions for a specific example of {0]'} based on the product of L multipowers of local
realized volatility estimates, each of them computed over M consecutive non-overlapping intraday
returns. When L = 1, this corresponds to the local Gaussian bootstrap of Hounyo (2013), who
proposed this method for inference on integrated volatility under no jumps.

We show that this choice of {0]'} satisfies our high level conditions under both the null and the
alternative hypothesis of jumps when the maximum of the exponents {p;} used to compute 0] is
strictly less than 1/2. This is equivalent to letting L > 2 when p; = 1/L for [ = 1,..., L. Thus, under
these conditions, the bootstrap is able to mimic the null distribution of the jump test under the null
of no jumps as well as under the alternative of jumps. This ensures that the bootstrap test has the
correct size asymptotically and is consistent under the alternative. Crucial for this result is the fact
that the bootstrap variance of the test is consistent under both the null and the alternative hypothesis.
As it turns out, this variance is a function of (efficient) blocked multipower variation measures (cf.
Mykland, Shephard and Sheppard (2012), henceforth MSS (2012)) with multipowers given by up to
four times the exponents {p;} used to compute ¢}'. Since these measures are robust to jumps only
when we impose the restriction that the multipowers are strictly less than two (here, implied by the
condition 4 max (p;) < 2), this explains why we obtain the condition max (p;) < 1/2.

When max (p;) > 1/2, or equivalently L < 2 when all exponents are the same, the bootstrap
variance of the test diverges under the alternative of jumps and we can only show that the bootstrap
is able to mimic the null distribution in restriction to the null of “no jumps”. Although this result
implies that the bootstrap has the correct asymptotic size for L < 2, its power may be adversely
affected. In particular, we show that this is the case when L = 1 and M = 1, which corresponds to
the standard wild bootstrap based on a Gaussian external random variable. For these choices of L
and M, the bootstrap test statistic diverges at the same rate as the original test statistic, implying
that it might not be alternative-consistent. This is confirmed by our simulations, which show that this
choice has very poor finite sample power properties. The simulations also show that by appropriately



choosing M and L, we can greatly reduce the overrejections that are typically associated with the
Barndorff-Nielsen and Shephard (2006) tests without compromising power.

The rest of the paper is organized as follows. In Section 2, we provide the framework and state our
assumptions. In Section 3, we introduce a general bootstrap method for testing for jumps based on the
Gaussian wild bootstrap and a general local volatility measure {0}'}. After providing examples of {9},
we give a set of high level conditions on {0]'} such that any such bootstrap method is asymptotically
valid when testing for jumps. We end this section with two lemmas that are crucial to proving the
remaining results. In Section 4, we verify our high level conditions for the choice of {0]'} introduced
by Hounyo (2013) and show that they are verified only under no jumps. For the special case of
M =1, we show that this choice of {0} implies the divergence of the bootstrap test statistic under
the alternative of jumps. For this reason, in Section 5 we discuss a generalization of the local Gaussian
bootstrap of Hounyo (2013) that leads to bootstrap tests that have correct asymptotic size and are
alternative-consistent. Section 6 gives simulations while Section 7 provides an empirical application.
Section 8 concludes. All proofs are relegated to Appendices A and B. Appendix C contains formulas
for the log version of our tests.

Finally, a word on notation. As usual in the bootstrap literature, we let P* describe the probability
of bootstrap random variables, conditional on the observed data. Similarly, we write E* and Var*
to denote the expected value and the variance with respect to P*, respectively. For any bootstrap
statistic Z} = Z' (-,w) and any (measurable) set A, we write P*(Z} € A) = P*(Z} (,w) € A) =
Pr(Z (-, w) € A|X,,), where &, denotes the observed sample. We say that Z* —" 0 in prob-P (or
Z* = op« (1) in prob-P) if for any €, > 0, P (P* (|Z}| > ¢) > ) — 0 as n — oo. Similarly, we say that
Z* = Op~ (1) in prob-P if for any § > 0, there exists 0 < M < oo such that P (P* (|Z}| > M) > §) — 0
as n — oo. For a sequence of random variables (or vectors) Z¥, we also need the definition of
convergence in distribution in prob-P. In particular, we write Z¥ — Z, in prob-P (a.s.-P), if
E*(f(Z})) — E(f(Z)) in prob-P for every bounded and continuous function f (a.s.—P).

2 Assumptions and statistics of interest

We assume that the log-price process (Xy) _ is defined on a probability space (§2, F, P) equipped with

t>
a filtration (F¢);( such that
Xt:Y;ﬁ‘i‘Jt,tZO, (1)

where Y; is a continuous Brownian semimartingale process and J; is a jump process. Specifically, Y;
is defined by the equation

t t
Y; =Y, —|—/ asds +/ osdWs, t >0, (2)
0 0

where «a is a predictable locally bounded drift term, o is an adapted cadlag spot volatility process and
W is a standard Brownian motion that is not necessarily independent of o (i.e. we allow for leverage
effects).

Although the asymptotic properties of the jump tests studied in this paper have been established
under very general conditions on a;, o and J; (including leverage effects, possible jumps on o, and in-
finite activity processes; see e.g. Barndorff-Nielsen, Shephard and Winkel (2006)), we require stronger
assumptions to prove our bootstrap results. In particular, we rule out jumps in o; and assume that
Jt is a finite activity jump process. Formally, we make the following additional assumptions.

Assumption 1 oy is locally bounded away from zero and is a continuous semimartingale.

Ny
Assumption 2 J; is a finite activity process defined as J; = ) ¢j, t > 0, where ¢; represents the
j=1



size of the jth jump and NV is a counting process representing the number of jumps up to time
t. We assume that c; has a continuous distribution at 0 for all j, and Ny is finite for all ¢.

These assumptions are used by Mykland, Shephard and Sheppard (2012) to derive the asymp-
totic properties (consistency and CLT) of blocked multipower variation measures. By imposing these
assumptions, we are able to build on their results when proving our bootstrap results.

The quadratic variation process of X is given by [X], = IV, + JV;, where IV; = f(f o2ds is the
quadratic variation of Y%, also known as the integrated volatility, and JV; = > _, (AJS)2 is the jump
quadratic variation, with AJ, = J, — J,_ denoting the jumps in X. Without loss of generality, we let
t = 1 and we omit the index ¢. For instance, we write IV = IV} and JV = JV;.

We assume that prices are observed within the fixed time interval [0,1] (which we think of as a
given day) and that the log-prices X, are recorded at regular time points ¢; = i/n, for i = 0,...,n,
from which we compute n intraday returns at frequency 1/n,

Ty = Xz/n - X(i—l)/n7 1=1,...,n,

where we omit the index n in r; to simplify the notation.

Our focus is on testing for “no jumps” using the bootstrap. In particular, following Ait-Sahalia and
Jacod (2009), we would like to decide on the basis of the observed intraday returns {r; : i =1,...,n}
in which of the two following complementary sets the path we actually observed falls:

Q = {w:t— X;(w) is continuous on [0,1]}
N = {w:t— X;(w) is discontinuous on [0,1]},

where 2 = Q¢ U Q; and Q¢ N 2y = J. Formally, our null hypothesis can be defined as Hy : w € Qq
whereas the alternative hypothesis is Hq : w € €.
Let RV, =3 1", r? denote the realized volatility and let

1 n
BVn = kT Z ’7’2’_1| |T‘Z‘
Ll j=2

be the bipower variation, where we let k11 = E (‘Xﬂl/z) = E(|Z]) = V2/\/7, where Z ~ N (0,1).
This is a special case of

‘ 2 ‘q/2 /2F<
kMﬂEE(XM >:2q M

(%)
where X?\J is the standard x? distribution with M degrees of freedom and I' is the gamma function.
Writing xp = (X?W)l/z yields karg = E (x4;) . Note that for M = 1, ki, = E(|Z]|7), with Z ~
N (0,1).

The class of statistics we consider is based on the comparison between RV, and BV,. It is now
well known that under certain regularity conditions including the assumption that X is continuous
(BN-S (2006) in conjunction with, e.g., Barndorff-Nielsen, Graversen, Jacod, and Shephard (2006))
that the following joint CLT holds:

, ¢>0,

() v,

¢
where — denotes stable convergence and



with 1Q = J; oddu and 0 = (ki = 1) +2 (ki3 = 1) = 2.6090.

An implication of is that under “no jumps”, i.e. in restriction to g,

‘/E(R‘jv_ BVa) t, N(0,1),

where V = 7-IQ is the asymptotic variance of /n (RV,, — BV,,) and 7 = § — 2. Hence, a linear version
of the test is given by

Vi

where V,, = 7 - f@n and I/@n is a consistent estimator of integrated quarticity Q.
Among the many estimators of 1) that are robust to jumps, here we focus on the tripower realized
quarticity defined as

n
—~ n
Q= 55— DIl lria? [rial°. (6)
1,4 =3
'3 ¥
We can show that f@n N IQ on both Qg and €. Thus, T}, SN (0,1), in restriction to Qg, and
the test that rejects the null of “no jumps” at significance level o whenever T,, > z1_,, where z1_,, is
the 100 (1 — ) % percentile of the N (0, 1) distribution has asymptotically correct size. More formally,
the critical region C,, = {T}, > z1_o} is such that for any measurable set S C Qg such that P(S) > 0,

lim P (w € (CylS) = a.
n—oo
Under the alternative hypothesis, we can show that the test T, is alternative-consistent, i.e. the
probability that we make the incorrect decision of “accepting the null” when this is false goes to zero:
lim P (2, NCy,) =0,
n—oo
where C,, is the complement of C,,. Since the above condition implies that P (@n\Ql) — 0, as n — oo,

we have that P (C,|21) — 1 as n — oo, which we can interpret as saying that the test has asymptotic
power equal to 1.

3 A general bootstrap method

We generate bootstrap intraday returns as

i =0, i=1,...,n, (7)

for some variance measure 0" based on {r; : i = 1,...,n}, and where 7, is generated independently of
the data as an i.i.d. N (0,1) random variable. For simplicity, we again write r} instead of r .

According to , bootstrap intraday returns are conditionally (on the original sample) Gaussian
with mean zero and volatility 0;'. This bootstrap DGP is motivated by the simplified model X; =
fg 0sdWs, where o is independent of W and there is no drift nor jumps. Under these assumptions,
conditionally on the path of volatility, r; ~ N (0,v!), where v = [ (ll/_n 1)/n o2du independently across
i. Thus, we can think of 0] as the sample analogue of v]'. Although is motivated by this very
simple model, as we will prove below, this does not prevent the bootstrap method to be valid more
generally. In particular, its validity extends to the case where there is a leverage effect and the drift
is non-zero.



The main feature of notice is that generates bootstrap pseudo-returns that are (conditionally)
Gaussian and therefore do not contain jumps. Since our goal is to approximate the distribution of
jump tests under the null hypothesis of no jumps, this feature is not only natural, but it is important
to minimize the probability of a type I error. In particular, Davidson and MacKinnon (1999) (see also
MacKinnon (2009)) show that in order to minimize the error in rejection probability under the null
(type I error) of a bootstrap test, we should estimate the bootstrap DGP as efficiently as possible.
This entails imposing the null hypothesis on the bootstrap DGP.

Our main goal in this section is to discuss a set of high level conditions on ¢ such that any bootstrap
method based on is valid when testing for jumps using the BN-S test statistic. Asymptotic validity
here means that the bootstrap replicates the null distribution of the test statistic under the null and
the alternative hypothesis.

The class of bootstrap statistics that we consider can be described as

T = Vn (RVy — BV — E* (RV; — BVJ)), (8)

~

V*

n

where

n n
RV; =3 and B = - || I
i=1 L1 =2

denote the bootstrap analogues of RV,, and BV,,. For a given choice of 9}', the bootstrap expectation
E* (RV; — BV}) is a known function of the data (see Lemma below). Similarly, V;* denotes an
estimator of the bootstrap variance V¥ = Var* (v/n (RV,* — BV,¥)), whose form depends on the choice
of 07" (cf. below for the exact definition of V;*).

In this context, a bootstrap test rejects the null of no jumps whenever 73, > ¢j_,, where qj_,, is

the 100 (1 — «) % quantile of the bootstrap distribution of 7). Next we provide general conditions on

0;* under which T; SN (0,1) in prob-P independently of whether w € Qy or w € ;. This ensures
that the bootstrap test controls size and is consistent under the alternative. Before introducing these
conditions, we first provide several examples of 0" which can be used to implement .

3.1 Examples of o}

Throughout, we let M € N and assume that n/M is an integer. Although the estimate 0]' depends
on M, we do not make this dependence explicit in order to simplify the notation. Note that M is a
fixed constant that does not grow with n. Hence, 9}' is not a consistent estimate of v;'. Consistency of
0" is not required for bootstrap validity of jump tests, as our results in the next section make clear.
Instead, what is required is consistency of multipower variation measures of 9;'. Fixing M rather than
letting it grow with n has the advantage that the bootstrap statistics reflect the choice M and this
improves finite sample performance of the bootstrap jump tests.

Example 1 (Local RV estimate) Let M =1,2,.... For j =1,...,n/M, set
N 1 M 2 _ D .
0 oym = Mzz:(jq)MH r; =Rj, foralli=1,..., M.

The main idea is that we split the original sample into non-overlapping blocks of size M and
estimate v;® within a given block by a local realized volatility measure computed over the M intraday
returns. When M =1, Rj = r]2- and we get @Jﬂ = 7']2», for all j =1,...,n, we obtain the wild bootstrap
of Gongalves and Meddahi (2009) based on a Gaussian external random variable. When M is larger
than one, we obtain the local Gaussian bootstrap of Hounyo (2013), who related it to the conditional
Gaussianity approach of Mykland and Zhang (2009).



As we will see in the next section, Example 1 does not mimic the null distribution of the test when
the alternative is true. To understand this, note that the asymptotic normality of 7, requires the
convergence of V,*. This variance depends on

n

Var* (vVaRV;y) =20 (07)?,

i=1
which for Example 1 with M = 1 is proportional to the standard realized quarticity estimator,

n n

2n Z (0M)? = QnZ i
i=1

i=1

As is well known in the literature, this estimator is not robust to jumps. In particular, it diverges
to 400 under Hi. In Section 4 we show that this may have a negative impact on the power of the
bootstrap test. To solve this problem, we propose the following choice of ;'

Example 2 (Multipower local RV estimate) Let M =1,2,...,L=1,2,..,and{p;: I =1,...,L}
L _
such that ZlL:lpl = 1, where p; > 0. For j = L,...,n/M, set @Z.”Jr(j_l)M =11 Rfl_lﬂ, for all
=1
i=1,..., M.

Example 2 generalizes Example 1 by multiplying together a finite number of local RV estimates
raised to some non-negative power. When L = 1, Example 2 contains Example 1 as a special case.

To understand why Example 2 ensures the convergence of V" under H; consider the simplest case
where M = 1. For any L > 1, we obtain

o = |r [Pt rjoa PP e [P, forj=1L,... n.

In this case,
n n
~n\ 2 4 4 4
”Z(Uyn) :”E i [P a2 o pa [PF
Jj=1 j=L

is a traditional multipower variation measure. This is a consistent estimator of (a multiple of) IQ
under both Hp and H; when we choose p; such that max (4p;) < 2. If we use equal powers p; = %,
this restriction is satisfied when L > 2. The same idea generalizes to M > 1, with the difference
that the bootstrap variance of the test becomes a function of blocked multipower variation measures.
These measures were recently introduced by MSS (2012) as a way of improving the efficiency of the
traditional measures. Thus, Example 2 combines the bootstrap with the efficient blocked multipower
variation measures as a way of improving the finite sample properties of jump tests under both the
null and the alternative hypothesis.

Example 3 (Truncated squared return) We let 0] = TZZI{‘THSQ/HW}, a>00<w< %, where
Iy, is the usual indicator function.

In Example 3, we exclude all returns containing jumps over a given threshold when computing v;".
See e.g., Mancini (2001) and Ait-Sahalia and Jacod (2009), among others for similar truncated-based
statistics. The thresholding ensures the convergence of V¥ under both Hy and Hi, as can be verified
using results by Jacod and Protter (2012). For brevity, we will not discuss this example in detail and
focus instead on Examples 1 and 2. However, we will provide some simulation evidence on the three
examples in Section 6.

Next, we provide a set of high level conditions on 9;* such that any such choice is asymptotically
valid when estimating the null distribution of the jump tests of BN-S.



3.2 Bootstrap validity under general conditions on v

We first provide a set of conditions under which a joint bootstrap CLT holds for (RV,*, BV,*)". In
particular, we would like to establish that

w1/2 RV¥ — E*(RV)) \ a
=i (i) ) N0

in prob-P, where ¥* is the probability limit of

S = Var* ( \/ﬁ< ggﬁ )) _ ( Var® (yaRV?) C’ov“}/(ﬁ](%\‘//%*é@f‘/;) ) '

The following result gives the first and second order bootstrap moments of (RV,*, BV,*). Note
that since 7] = /07 - n;, we can write
R =S e BV = 3 ) )
i=1 L1 =2

where u; = 12 and w; = |n;—1| |n;|, with ; ~ ii.d. N (0,1). The bootstrap moments of (RV:, BV,*)’
depend on the moments and dependence properties of (u;, w;) .

Lemma 3.1 Ifr}f = /0" -n;, i=1,...,n, wheren; ~ i.i.d. N(0,1), then

(al) E*(RV)Y)

n
PRI
i=1

n

(a2) E*(BV;) =3 (o))" (o).

7

=3

=2

(a3) Var* (VARV?) = 2n il (72 .

(a4) Var (vaBV;) = (ki = 1)n 32 () (o) +2 (K = 1) n 32 ()12 (514 (07)

=2 1=3

(a5) Cou® (VaRV;, /aBV;) =n Y (@)% (67-) " +n 9 (@m"2 (ap,)*?.

Lemma [3.1] shows that the bootstrap moments of RV,* and BV’ depend on multipower variation
n K
measures of {0]'}. In particular, they depend on n~114/2 30 ] (@g”_kﬂ)qkﬂ, where K € {1,2,3},
i=K k=1
q= Zle qr € {2,4}, and ¢; € {2,4} when K =1, (q1,¢2) € {(1,1),(2,2),(1,3),(3,1)} when K =2
and (QIa q27Q3) = (L 27 1) when K = 3.
The following assumption imposes a convergence condition on these measures as well as other
additional high level conditions on 9] that are sufficient for a bootstrap CLT to hold. Note that this

is a high level condition that does not depend on specifying whether we are on 2y or on €2;. However,
for some examples, such as Example 1, it might hold only in restriction to 2.

Condition A Suppose that {0]'} satisfies the following conditions.



(1) For K € {1)273}7‘] = Zi(:l qr € {2>4} and (Q1a~ . aQK) € {(2) ) (4) ) (171)7(2’2)7(173)’(371) ) (17271)}7

n K y 1
—1+q/2 n /2 P q
n / E H (”i—k+1) 7 Cqiyenic ogdu >0,
i=K k=1 0

as n — 0o, where cq, . is a known constant that only depends on (qx : k=1,...,K).

4K

(i) n't? Y (87)?° = Op (1), for some & > 0, as n — oo.
i=1

o (n/(Ln+1)] { ~n 2 o«
(iii) For the same 6 > 0 as in (i), n > ;7 0%p,,+1)) = op (1), where Ly o< n® with 0 < o <

ﬁ and [z] is the largest integer smaller or equal to x.

Condition A.(i) requires the multipower variations of 9} to converge to a multiple of fol oddu, where
the constants cg, .. 4, are known and depend only on the powers (qi,...,qx). Under this condition
(with ¢ = 4), the probability limit of the bootstrap covariance matrix of (RV,*, BV,*) is a positive
definite matrix whose entries are proportional to IQ). As we will see later, it is verified for Example 1
in restriction to g, but not to ;. For Example 2, Condition A.(i) is verified on both sets, provided
we choose L > 2. For both examples, ¢y, ... 4, are not equal to 1, unless we let M — oo as n — oo.

Conditions A.(ii) and (iii) are conditions used to show that a CLT holds for (RV,*, BV;*)" in the
bootstrap world. Since the vector (ui,wi)/ is lag-one dependent, we adopt a large-block-small-block
argument, where the large blocks are made of L,, consecutive observations and the small block is made
of a single element. Part (ii) is a Lyapunov type condition that drives the asymptotic normality of
the average of the large blocks whereas part (iii) ensures that the contribution of the small blocks is
asymptotically negligible.

Under this high level condition, we can prove the following results.

Theorem 3.1 Under Condition A, if n — oo,

(al)
*—1/2 RV;y — E* (RV})) dar : )
by \/ﬁ( BV — B* (BVY) — N (0, 13), in prob-P,

«_ (B9
E_<5 a>IQ

and 3, 0 and o are known constants that depend on cq, ... 4, - In particular,

where

,3 = 204
0 = c31+c13
a = (kzl_f‘ - 1) Co2 + 2 (kl_% - 1) C1,2,1-

(a2) Let 7" =+ a —20. Then,
V= Var* (Vo (RVF — BVY)) 5 Ve =7+ 1Q,

and

* B *\ E* * B * *
S, = v (RVy Vi) (RV, Vi) LN (0,1), in prob-P.
Ve



Part (al) of Theoremﬂshows that the bootstrap satisfies a joint CLT if we choose ;' according to
Condition A. The bootstrap covariance matrix of \/n (RV,*, BV,*)' converges in probability to ¥*, which
in general is not equal to X = lim, o Var (\/ﬁ (RVp, BVn)/) unless the constants ¢, . 4, are equal
to 1. The implication is that in general V¥ converges to V* = 7*-IQ # 7-IQ) = V. However, since we
know 7*, this does not create a problem if we adjust the bootstrap statistic accordingly. In particular,
part (a2) implies that the normalized statistic S} is asymptotically normal under Condition A. This
result justifies the following bootstrap test. Let Z¥ = /n((RV,; — BV,*) — E* (RV,;* — BV.¥)) /\/T*
and Z, = /n(RV,, — BV,) /\/7. We reject the null of “no jumps” at level « if Z,, > pj__,, where
Pi_,, is the (1 — a)-percentile of the bootstrap distribution of Z;. Under Condition A, the statistic

zr SN (0,1Q), in prob-P, implying that this test controls the size under the null and is consistent
under the alternative.

In order to obtain asymptotic refinements, we should bootstrap an asymptotically pivotal test
statistic. This entails proposing a consistent bootstrap estimator of V* = 7* . I(). Consider the
bootstrap analogue of fC\Qn,

n
10, = = 2 i1 [ [ V7 i )
1,3 i=3

It is easy to show that

07|

n
B (1Q,) = n Y lo*° [op [
1=3

By extending Condition A.(i) to include the power sequence (4/3,4/3,4/3), it follows that the prob-
ability limit of E* (I/@Z) 18 ¢4/34/3,4/3 - 1Q, where the constant cy/34/34/3 1s not necessarily equal to
one. Thus, we consider the following adjusted bootstrap estimator

1Q, ! N 4/3 4/3 4/3
1Q = =D [ [ 10
" casarsags ki% ;‘ P a7 i (10)

To show the consistency of f@; towards 1@, we impose the following high level condition.

Condition B Suppose {0]'} is such that

. no 3 2/3 P 1

® n 2 11 (5F) = cyps -y oldu
(ii) For K € {3,4,5} and ¢ = Y1, qx = 8,

n K
n72+(1/2 Z H (@;L_k+1)Qk/2 =op (1)7

1=K k=1

where (QIa s 7QK) S {(8/37 8/378/3) ) (4/37 8/378/374/3> ’ (4/374/37 8/374/374/3)} :
Part (i) ensures that E* <1:éz> L, 1Q whereas part (ii) suffices to show that Var* (@Z) =

~ % * n K
op (1), thus ensuring that 1Q,, X% 1Q, in prob-P. If o7 is such that n3 > [] (@;@_kﬂ)qkh P,
1=K k=1

Cqr,arc fol oSdu, then clearly part (ii) is satisfied. As we will see in the next sections, this is true
for both Examples 1 and 2 when X is continuous (or more generally, in restriction to g), but not
necessarily when X has jumps (or in restriction to €).

10



The next theorem justifies a bootstrap jump test based on the quantiles of the bootstrap studentized
statistic 7} given in with
A~ — %k
Vi=r1"-1Q,. (11)

Theorem 3.2 Suppose Conditions A and B hold. Then, if n — oo, (al) Ib; L 1Q), in prob-P and
(a2) T SN N (0,1), in prob-P.

The first part of Theorem implies the convergence of V; towards V* whereas the second part
proves the asymptotic normality of 7). Since 7T}, SN (0,1) on Qg, the fact that T TN (0,1), in
prob-P, ensures that the test has correct size asymptotically. Under the alternative (i.e. on ;) since

T, diverges at rate \/n, but we still have that 7! SN (0,1), the test has power asymptotically.
More formally, let the bootstrap critical region be defined as follows,

{OJ >qn1 a(w)}v

where ¢;, ;_,, (w) is such that

P (T (w) S ghya W) =1-a.

The bootstrap test rejects Hy : w € Qo against H; : w € 1 whenever w € C;. The following
theorem follows from Theorem and the asymptotic properties of T,, under Hy and under H;.

Theorem 3.3 Suppose Tj, SN (0,1), in restriction to Qq, and T, Py 10 on Qq. If Conditions A
and B hold, then the bootstrap test based on T}, controls the strong asymptotic size and is alternative-
consistent.

To control asymptotic size, it suffices that Conditions A and B hold in restriction to 2y. Similarly,
to ensure consistency, it suffices that the bootstrap statistic 7. = Op- (1), in prob-P. Here, we

impose Conditions A and B directly to ensure that 7 <N (0,1), in prob-P, independently of
whether w € Qg or w € ;. This is the ideal situation for the bootstrap test to maximize power and
at the same time control size, as our simulation results in Section 6 show.

3.3 Multipower variations of 9]’ and blocked multipower variations of r;

Conditions A and B depend on realized quantities of the form

71+(1/2 Z H o k;-|_1 Qk/27 (12)

i=K k=1

K
where K is a fixed natural number, g > 0 for all k£, and ¢ = ) gx. These sums can be interpreted
k=1
as the multipower variations of 9]'. As it turns out, for our Examples 1 and 2, can be written
as a linear combination of blocked multipower variation measures of returns r; as introduced by MSS

(2012). For given ¢ >0, K € N, ¢ = 215:1 qr, with g > 0, these are defined as

w‘?g.

lg,K] —l4q2 MTT Mq/ L
MVM (QIv"'7QK):n ZH i— k+1 ) (13)

H kMQk =K k=1
k=

11



where kyrq, = F OX?\A%/?) Note that RV,, = MV[2 1 (2). We will sometimes write MVA[Z’K] Ha}) =

MVE (g, ax)
For j = 1,...,n/M, recall that Example 2 (which contains Example 1 as a special case when
L =1) sets

0y oy = H L i=1,00,M,

where {p; : l =1,..., L} is such that lel p; = 1, with p; > 0. We adopt the convention that p; = 0
whenever [ <0 or ! > L.
The following lemma establishes the relation between the multipower variations of {0]'} for Exam-

ples 1 and 2 and the blocked multipower variations MV]\[;[]’K] (q1,---,qK) -

Lemma 3.2 Let K be a natural fized number and let {qx : k =1,...,K} be such that q > 0. Set
q= Zle qr and q, = Zle q fork=1,...,K. Then,

(al) For K=1and M > 1,

L
- k
1+‘1/2 Z q/2 (H ]m) MV]\[/([I’L] (qpla s 7qu) :

=1

(a2) For K >2 and any M > K — 1, we have that

n K L
— An 2 M—-K+1 kM, ,L
I D [ [ (H Mff;) MV (apr. . apr)
1=K k=1
| K1 /L4 Fat (o) _—
' qkP1+(9—qK)P1—1 q,L+ _ _
Y ; (ll:ll V12 ) MV ({aep + (@ — k) pi-1})

where MV (qupy + (¢ — @) 1) = MV Gy, Gipa + (0 — @) prs -, (0 — @) pr) -
(a3) For M =1, for any K > 1,

n K L+K—-1
n—1+q/2 Z H ({)zn—k—i—l)qk/2 = ( H kl,g1pz+‘..+q1<Pz(K1)> MV[Q,LJJ ({(hpl + ...+ QKpl—(K—l)}) .
i=K k=1 =1

Part (a2) requires that M > K — 1, where K > 2. For K = 3, this restriction excludes the caseﬂ
of M =1, which we include in (a3). We will rely on these results to evaluate the constant 7% needed
to compute 7).

For the special case L = 1, part (al) reads as

n

k
n—1ta/2 /2 _ Mg la,1]
a/ Z q Mq/2 - MYV, (Q) )

!Note that Conditions A and B involve the multipower variations of o for K < 5, implying that the expression in
(a2) also does not cover the cases of M = 2 when K = 4 and of M € {2,3} when K = 5; the reason why we do not cover

explicitly these cases here is that for these values of K explicit knowledge of the constants multiplying the M VIE‘}'L] {ge})
are not needed; we only need those constants for K = 3.

12



whereas part (a2) is given by

n—14a/2 %/2 _M—-K+1 kuy . [a,1] = kMQkqu s @2l (= =
a Z H e Az MV (4 )JFM Z Aoz MV (@ g - )
1=K k=1 k=1
forany K > 2and M > K — 1.
The following lemma gives the asymptotic properties of MV},

restriction to g, whereas (a2) holds for the entire sample space (2.

l9.K] (q1,...,q9K). Part (al) is in

Lemma 3.3 Suppose and (@ and Assumptions 1 and 2 hold. Let ¢ > 0 such that ¢ = Zle qk
with q > 0 and K € N. For any fized integer M = 1,2,...,

(al) MVA[;}’K] (q1,---,qK) N fol oddu in restriction to .

max( )
(@2) MVI2 (g1, qx) — [} oldu = op< ~lbmax(a)/2 |log | 2 >

Part (al) shows the convergence in probability of M VE’K} (q1,---,qx) towards fol oidu for any
g > 0 and K > 1 when we restrict w € €. The proof follows from Theorem 3 of MSS (2012) under
Assumptions 1 and 2. Part (a2) gives a bound on the difference between M V]\[j’K] (q1,...,9K) and
fol otdu for any w € Q. When max (gi) < 2, this bound converges to zero at the stated rate, implying

that M V]\[Z’K] (q1,---,qK) is a consistent estimator of fol oddu even under jumps. When max (g;) > 2,

we obtain a bound on M V]\[4’K] (q1,--.,qK). Although this bound is not necessarily sharp, it is sufficient

to prove our results (note in particular that the bound diverges to 400 when max (gx) > 2, which is
certainly not a sharp bound when either w € g, or (w € 7 and max (qx) = 2)).

A version of Lemma is proven by Barndorff-Nielsen et al. (2006) when M = 1 under very
general conditions on the drift a and the volatility process ¢ when X is continuous. In particular, they
do not rule out jumps in g, as we do under Assumption 1. By imposing this assumption, we can rely
on Theorem 3 of MSS (2012) to obtain the convergence in probability of MV]\[}?’K] (q1,-..,qK) towards
fol oddu for any fixed value of M > 1.

4 Example 1: local RV, estimate

Given the results of Section 3, the asymptotic validity of a bootstrap jump test can be established by
verifying Conditions A and B. Here we do so for the choice of 9;* given in Example 1. We first study
the asymptotic properties of T* under the null of “no jumps” and then consider what happens under
the alternative of jumps.

4.1 Properties under the null of “no jumps”

Recall that T} is given by , and . Hence, to compute T we need to know the recentering

term E* (RV, — BVy); the constant c,/34/34/3 that enters IZ)Z, and the constants c4,c22,¢1,3,¢31
and cy 21 that enter the definition of 7* given in Theorem

Given Lemmas and

N N o An 1/2 1on M — 1 le 2,2
E* (RV — BVY) Z Z ' )2 (emY2 = Ry, M e V22 ).
=2
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This expression shows that for finite M, recentering RV, — BV,* is important, but if M is sufficiently
large this becomes asymptotically negligible.

Our next result shows that Conditions A and B are satisfied for Example 1 under Hy : w € 5 and
identifies the constants needed to compute 7. The proof is in Appendix B. It relies on Lemmas [3.2

and [3.3|for ¢ € {2,4,8} and K € {1,2,3,4,5}.
Theorem 4.1 Suppose and (@ hold and Assumption 1 holds. Then, for any fixed integer M > 1,

(al) Conditions A and B are satisfied under Hy : w € Qq, where for any M > 1,

knra
Cq4 = M2 B
_ (M —1)kpa 1 kaikag
R VA V- VAR Ve
M =1\ ka1 Ko
C22 = + — .
’ M M? M M?
In addition,
1ol = k‘%’l]ﬁ’g y fOT M=1
)2, (MJ\ZQ) kj\z}z,{; +2ﬁkM}\14k2]w,3 . for M > 2,
and
3 _
. _ k174/3 , for M =1
4/374/374/3 (M]\Z2) k]]\\;gl + 2%161\4,4/]3\4]62M,8/3 , for M Z 2

(a2) The conclusions of Theorems and hold under Hy : w € .

Part (al) identifies the constants needed to compute 7). Part (a2) shows that the results of

Theorems and apply to Example 1 under the null of “no jumps” (i.e. in restriction to
Q). In particular, under the null of no jumps, ¥, the local Gaussian bootstrap covariance matrix of

(RV;, BV;¥) | is such that
o Loy = ( Ourom >IQ.

n (5M (633
where
Bvu = 2¢4
oM = c31+ci3
ay = (kjii1 — 1) c22 + 2 (kji% — 1) C1,2,1,

with ¢q, .. g, given in part (al) of Theorem This result in turn implies that on (g,
Vi =Var* (Va(RV: — BVY)) 5 ve =110,

where
T =By + ap — 200

When M =1, 81,01 and «y are different from 2,2 and 6, respectively, which implies that ¥* # X.
Also, 7" # 7, implying that V* # V. However, by Remark 2 of MSS (2012), as M — oo,




for some constants a, and b,;. Consequently, the constants c4, c22, 13, ¢3;1 and c121 all tend to 1 as
M — oo, implying that

im aMzez(k;;*—1)+2(k;f—1).

lim By = lim 6y =2and 1
M—o0 M—o0

M—o0
Hence, by letting M — oo we ensure that V* = 7% - [Q) approaches V = 7 - IQ (since then 7% — 7 =
6 — 2). Nevertheless, in finite samples, fixing M and adjusting the bootstrap statistics accordingly
outperforms the approach based on letting M — oo and therefore we do not consider this approach
here.

4.2 Properties under the alternative of jumps

The results of the previous section imply that the local Gaussian bootstrap controls the size of the test.
In this section, we study what happens under the alternative of jumps. As it turns out, Conditions
A and B no longer hold. In particular, the bootstrap variances ¥, and V,* diverge to infinity. This
compromises the asymptotic normality of 7)F under the alternative hypothesis of jumps.

To ensure that the test has power, the weaker condition that T = Op- (1), in prob-P suffices.
Nevertheless, as we will see next, this is not guaranteed for the local Gaussian bootstrap. In particular,
we show that for the special case of M = 1, the fact that V' diverges under the presence of jumps
implies that T, diverges at the same rate as 7;,. This may imply that the test is not alternative-
consistent.

Let us rewrite T} as

1 = z;, [PV,
™1Q,,
where
o _ VA(RV; = BV — E* (RVy — BV;)))
n — ‘/;2< Y
and
V= a MV (4) + aa MV (2,2) + as MV (1,2,1) + as (MV1[4’2] (3,1) + MV (1, 3)) , (14)

where the constants a; through a4 are a function of ¢4, c22,¢1.3, and ¢y 21 given in Theorem (al)
(the exact expression for V¥ is easily obtained from Lemmas and .

By Lemma on 1, V¥ has an asymptotic order of magnitude Op(n), the order of its first
(and dominant) term. Therefore, V¥ may diverge at that rate. This is confirmed by Lemma
in Appendix B which establishes that V,*/n converges to a random variable that is positive on €y,
implying that this rate is sharp so long as P(€;) > 0.

In addition, by Lemma f@: is still convergent towards I() under the presence of jumps whereas
Z* is Op~ (1) in prob-P by construction (since E* (Z)) = 0 and Var* (Z}) = 1). Because we can also
show that Z; is not op+ (1) (cf. Lemma[B.3), the order of magnitude of T} is equal to Op (y/n). This
result is summarized in the following theorem.

Theorem 4.2 Suppose (1)), (4) and Assumptions 1 and 2 hold. Then, for M = 1, if P() > 0,
we have that on Qy, T = Op~ (y/n), in prob-P, where the rate is sharp (i.e. T = Op~ (y/n) and

Vi=0p (T2).

Because the two test statistics T}, and 7} diverge at the same rate, we cannot draw any conclusions
on the exact asymptotic power of the bootstrap test. However, our simulations suggest that for the
models we have simulated the bootstrap test based on L. = M = 1 has very poor power properties.

15



5 Example 2: multipower local RV estimate

Here we verify Conditions A and B for Example 2 and identify the constants needed to compute 7.
The following result is the analogue of Theorem for Example 2.

Theorem 5.1 Suppose , (@ and Assumptions 1 and 2 hold. Then, for any fired M > 1, if
max (p;) < %, or equivalently, if L > 2 when py = 1/L for alll =1,...,L, then

(al) Conditions A and B are verified under both Qo and Q1, where for any M > 1,

L L+1
¢ — 2y = (M—1) H karap, + i f[ KM pit3piy
b3 31 M M? M M2 ’

=1

L L
o — (M) (e ) o L (] Ry
2 M =1 M? M _ M? 7

whereas
L+2
K1 pit2p 1 +p12 , for M =1
I=1
€121 = L L1
M-—2 kl\/I,4pl 2 kIVI,pl+3pl_1
(M)(H M2>+M<H]\/[2 ,fOT’MZQ,
=1 =1
and
L+2
l:[l kl,%pl+%Pz—1+%pl—2 s Jor M =1
Ca/3,4/3,4/3 = B L Ll k
M—2 ka4 2 M 448,
(“% )( M2pl>+M<H —p= ) for M > 2.
=1 =1

(a2) The conclusions of Theorems and hold under both 29 and §2;.

Theorem 5.1 proves the asymptotic validity of the bootstrap test based on Example 2. In particular,
if we choose {p;} and L appropriately, the bootstrap test based on T} has the correct asymptotic size
and is alternative-consistent.

The main difference with respect to the case where L = 1 is that we do not need to restrict
w € Qo to verify Conditions A and B. Because the multipower variations of 9" depend on linear
combinations of efficient blocked multipower variations of returns whose exponents are a function
of {p:1=1,...,L}, we can choose L and {p;} so as to guarantee that Conditions A and B are
verified without restricting w to belong to €. In particular, Condition A(i) involves multipower
variations of 0] with K € {1,2,3} and ¢ € {2,4}. When ¢ = 4, this condition is crucial to show
that the bootstrap variance V,* converges to a multiple of 1) under both €y and €2;. By Lemma 3.2

for ¢ = 4,the multipower variations of 97" depend on linear combinations of M VE’L] (4p1,...,4pr)

4,041] - _ _ _ _ _ _
and MVyy "™ (Gupr, Gpe + (4 — @) b1, @epr + (4 — @) pr-1, (4 — @) pr) , where g, = Y g€

{1,2,3}. Thus, by Lemma if max (4p;) < 2 (or equivalently, L > 2 when p; = 1/L for all
l=1,...,L), Condition A(i) is satisfied under both the null and the alternative hypothesis, ensuring
that V¥ is robust to jumps.
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6 Monte Carlo simulations

In this section, we assess by Monte Carlo simulation the performance of our bootstrap tests. Along
with the asymptotic test of BN-S (2006), we report results with L € {1,5}, and M € {1,2,3,4,6,12}
with py =1/L (I=1,...,L) for Examples 1 and 2. We also include results for Example 3 and report
results for w = 0.4 and a = 2.3v/ BV, following Podolskij and Ziggel (2010).

We present results for the SV2F model given byE|

dXt = adt+ Uu7t0'sy7tth + th,

our = CH+A-exp(—ait)+ B-exp(—az(1—1)),
Ot = s-exp(Bo+ BiTie + Patoyu),
driy = oq7dt +dByg,

droy = aomodt + (1 + ¢1oy) dBoy,
corr (dWy,dB1y) = p1, corr (dWy,dBay) = po.

The processes 0, and o4, represent the components of the time-varying volatility in prices. In
particular, o4, ; denotes the two factors stochastic volatility model commonly used in this literature.
We follow Huang and Tauchen (2005) and set a = 0.03, By = —1.2, f1 = 0.04, f2 = 1.5, a3 = —0.00137,
ag = —1.386, ¢ = 0.25, p1 = po = —0.3. At the start of each interval, we initialize the persistent
2ar
is started at 7290 = 0. The process o, models the diurnal U-shaped pattern in intraday volatility. In
particular, we follow Hasbrouck (1999) and Andersen et al. (2012) and set the constants A = 0.75,
B = 0.25, C = 0.88929198, and a; = ag = 10. These parameters are calibrated so as to produce
a strong asymmetric U-shaped pattern, with variance at the open (close) more than 3 (1.5) times
that at the middle of the day. We let o,; = 1 for ¢t € [0,1] in the simple case of no diurnality
effects. Finally, J; is a finite activity jump process modeled as a compound Poisson process with
constant jump intensity A\ and random jump size distributed as N (0, szmp). We let szmp = 0 under
the null hypothesis of no jumps in the return process. Under the alternative, we let A = 0.058,
and ngmp = 1.7241. These parameters are motivated by empirical studies by Huang and Tauchen
(2005) and Barndorff-Nielsen, Shephard, and Winkel (2006), which suggest that the jump component
accounts for 10% of the variation of the price process.

We simulate data for the unit interval [0,1] and normalize one second to be 1/23,400, so that
[0,1] is meant to span 6.5 hours. The observed X process is generated using an Euler scheme. We
then construct the n-horizon returns r; = X/, — X(;_1)/, based on samples of size n. Results are
presented for five different samples sizes: n = 48, 96, 288, 576, and 1152, corresponding approximately
to “8-minute”, “4-minute”, “1,35-minute”, “40-second” and “20-second” frequencies.

Figures 1 through 4 display the results. Figures 1 and 2 contain no diurnal effects, without jumps
and with finite activity jumps, respectively. Figures 3 and 4 give the corresponding results under
deterministic diurnal effects. In each figure, we present results based on the linear test statistic and
its log versionEL with critical values obtained either by the asymptotic theory or by the bootstrap. All
tests are carried out at the 5% nominal level. The rejection rates reported in Figures 1 and 3 (under
no jumps) are obtained from 10,000 Monte Carlo replications with 999 bootstrap samples for each
simulated sample for the bootstrap tests. For finite activity jumps, since J; is a compound Poisson
process, even under the alternative, it is possible that no jump occurs in some sample over the interval
[0,1] considered. Thus, to compute the rejection rates under the alternative of jumps (cf. Figures 2

factor 7 by 710 ~ N <0 , its unconditional distribution. The strongly mean-reverting factor

2The function s-exp is the usual exponential function with a linear growth function splined in at high values of its
argument: s-exp(z) = exp(z) if & < zo and s-exp(z) = —22ED__ if 3 > 1z, with 2o = log(1.5).

\/10—184-12

3See Appendix C for details on the log-transform of the test statistic 7, and the bootstrap-related formulas.
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and 4) we rely on the number ng of replications, out of the 10,000, for which at least one jump has
occurred. For our parameter configuration, ng = 570.

Starting with Figure 1, the results show that the linear version of the test based on the asymptotic
theory of BN-S (2006) (labeled “AT” in the figures) is substantially distorted for the smaller sample
sizes. In particular, the rejection rate is three times larger than the nominal level of the test (at
15.21%) for n = 48. Although this rate drops as n increases, it remains significantly larger than the
nominal level even when n = 1152, with a value equal to 7.08%. As expected, the log version of the
test statistic (denoted “AT, log” in the figures) has smaller size distortions: the rejection rates are now
12.54% and 6.25% for n = 48 and n = 1152, respectively. The rejection rates of the bootstrap tests are
always smaller than those of the asymptotic tests and therefore the bootstrap uniformly dominates
the latter when controlling size. This is true for both L = 1 and L = 5 and for both versions of
the test, linear and log. However, when L = 1 and we rely on the linear version of the test (labeled
“L = 17), the bootstrap is very conservative, rejecting the null less than 2% when n < 288 and we
set M = 1. Increasing M from 1 to 2 reduces these distortions (for instance, for M = 2, this rejection
rate increases to 4.14% for n = 288) but further increases in M may result in overrejections when n
is small (this shows that there is a limit to letting M increase when n is small). Similarly, choosing
L =5 (labeled “L = 5”) may induce slight overrejections under the null for the smaller sample sizes,
with rejection rates between 6 and 7% for n = 48 and n = 96. These rates are nevertheless much
smaller than those associated with the asymptotic theory-based tests. When n > 288, we do not see
many differences between the bootstrap tests for the log and the linear version of the statistics (except
when L = M = 1, where the bootstrap log test does not suffer from the underrejection noted for the
linear test). Overall, Figure 1 shows that the bootstrap helps reduce the overrejections associated with
the asymptotic theory-based tests, for all values of L and M, and independently of using the linear or
the log versions of the test.

Turning now to the analysis of power, Figure 2 shows that the choice of L is very important. In
particular, there is a clear separation between L. = 1 and L = 5, especially when M is small. In
particular, choosing L = 1 and M = 1 leads to virtually no power when the bootstrap is applied to
the linear test statistic. This confirms our theoretical result. Since T, diverges to +-oo for these choices
of L and M, and the divergence rate is the same as that of T},, the rejection rate under the alternative
hypothesis of this bootstrap method is not necessarily equal to 1, even for large n. In the context of
the linear version, this test seems to severely underreject under the alternative of jumps. Letting M
increase when L = 1 helps increase the rejection rates and seems to restore power. We conjecture that
the main reason why we see this behavior is that 7,y = Op- (1), in prob-P, when M > 2 and L = 1.
Thus, even though the local Gaussian bootstrap is not asymptotically normally distributed in this
case, it is bounded in probability, which ensures that the bootstrap has power. The log version of the
bootstrap test with L = M = 1 does not appear to suffer from the almost zero power problem noted
for the linear test, but its rejection rate is lower than the rejection rates observed for L = 5. Overall,
Figure 2 shows that the best choice of L from the power perspective is L = 5. This is especially true
when using smaller values of M; for M = 12, the differences are negligible. However, setting M too
large may lead to overrejections under the null. Therefore, our recommendation is to choose L = 5.

We also implemented the bootstrap with 97" given as described by Example 3. To conserve space,
we do not present the results (they are available upon request) but provide a brief discussion here.
Under the null of no jumps, using truncated squared returns to compute 9;' resulted in rejection rates
varying between 2.80% for n = 48 and 3.37% for n = 1152 for the linear version of the bootstrap
jump test. Thus, the thresholding-based bootstrap test was rather conservative and it was dominated
by the use of multipower variation measures except when L. = M = 1, which is characterized by
even lower null rejection rates. Using the log version of the test increased the null rejection rates of
the thresholding-based bootstrap test to values similar to those of Examples 1 and 2 (in particular,
they were equal to 8.5% when n = 48 and to 3.99% when n = 1152). From the viewpoint of power,
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the main conclusion that emerged from our simulations was that the thresholding-based bootstrap
test had less power than the multipower variation-based bootstrap tests (except when compared to
L = M =1 for the linear test). Specifically, the power for Example 3 ranged between 35.14% (for
n = 48) and 46.28% (for n = 1152) for the linear test and between 72.47% (for n = 48) and 84.80%
(for n = 1152) for the log test.

Figures 3 and 4 contain results for the SV2F model with diurnal effects. For brevity, we only present
results for L = 5. For both the bootstrap and the asymptotic theory methods, two types of tests are
considered: tests that do not contain any correction for diurnal effects (labeled with the words “no
correction”) and tests that contain a nonparametric correction for the diurnal effects. Specifically, we
use the nonparametric jump robust estimation of intraday periodicity in volatility suggested by Boudyt,
Croux and Laurent (2011). This amounts to estimating the intraday volatility pattern &,,; using 2,000
days in the simulation and then using this to standardize the intraday returns. The modified data are
then used to compute the test statistics, including their bootstrap versions. The results obtained with
the transformed data are labeled with “correction” in Figures 3 and 4.

Starting with Figure 3, which presents rejection rates under the null of no jumps, we can see that
for the test based on the asymptotic theory of BN-S (2006), a large distortion driven by the difference
in volatility across blocks appears even if the sample size is large. For n = 1152, the null rejection
rate is 10.9% for the linear version of the test, whereas it is 9.9% with the log version. These are
twice as large as the desired nominal level of 5%. When n is smaller, the overrejections are much
larger. For instance, for n = 48 they are equal to 32.8% and 28.7%, respectively. As expected, using
the asymptotic tests applied to the modified set of intraday returns helps reduce the distortions. For
n = 48, the rates are now equal to 15.7% and 12.9%, whereas for n = 1152 they are 7.8% and 7.45%.
The bootstrap null rejection rates are always smaller than those of the asymptotic theory-based tests,
implying that the bootstrap outperforms the latter. This is true even for the bootstrap test applied
to the non-transformed intraday returns (labeled “L = 5, no correction”), which yields rejection
rates that are closer to the nominal level than those obtained with the asymptotic tests based on the
correction of the diurnal effect. This is a very interesting finding since it implies that our bootstrap
method is robust to the presence of diurnal effects (whereas the asymptotic theory-based test is not).
Of course, even better results can be obtained for the bootstrap tests by resampling the transformed
intraday returns and this is confirmed by Figure 3, which shows that the results for “L = 5, correction”
are systematically closer to 5% than those for “L = 5, no correction” (and both are closer than the
corresponding asymptotic tests). Figure 4 looks at the power properties of these tests under diurnal
effects. The main feature of notice is that the bootstrap tests have lower power than their asymptotic
counterparts. This is expected given that the asymptotic tests have much larger rejections under the
null than the bootstrap tests. In particular, this explains the large discrepancy between the bootstrap
and the asymptotic test when both are applied to the non-transformed data. As n increases, we see
that this difference decreases. The results also show that power is largest for tests (both asymptotic
and bootstrap-based) applied to the transformed returns. For these tests, the difference in power
between the bootstrap and the asymptotic tests is very small. Given that the bootstrap essentially
eliminates the size distortions of the asymptotic test, these two findings strongly favor the bootstrap
over the asymptotic tests.

7 Empirical results

This empirical application uses trade data on the SPDR S&P 500 ETF (SPY), which is an exchange
traded fund (ETF) that tracks the S&P 500 index. Data on SPY have been used by MSS (2012)
(see also Bollerslev, Law and Tauchen (2008)). Our primary sample comprises 10 years of trade
data on SPY starting from June 15, 2004 through June 13, 2014 as available in the New York Stock
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Figure 2: SV2F model without diurnal effects, finite activity jumps

2 3 4

oG S —® S

: 1

: !

a 1l

. 1l

. il

| i

S 1)

s 1i 2 g 2
© - 2 !l - SNToRNTe)
D al s ) 1 s == T i
. # 1D o Lt W © eSS

. 1! _ _

; __. “___. * OB

b < e . -

. :

*_“,_”_/n/u ™ : J_Kw ™

I g\ o

*ﬂu i O % /.o

[=u| s R E A\ ol —
o EH S o K o - o o o =)
& @ [ o & @ ~ o
sajes uonosley salel uooaley
o (aV] e [qV}

G - HEp - b4

. il 1l

. l 1l

S l i

o Ml ]

S i i

o Sl 1i

o S 1]

w. -l o h
® _ 2 S © i
5 Do = o M s = 1
c * O © d *m_@ © i %_u

_ o il

S oy 1l

* m_;o < *H__uﬁ 1< ﬁu

. — . N |

* u?.o @ *ﬂ_ﬁ @ *ﬁv

: \ erh |\ IFN 1\

*pp O « *p O RO

ok LA R a — W =T R o — N AW R R =y

o S5 o 6 o 5 o o “o Owﬂ o o o ~
& @ [ © & 15 = © & o [ o

sajes uonosley salel uooaley sojes uonosley

1



Rejection rates

Rejection rates

Rejection rates

35 "
¥ ¥ % * ')L
B0 e
2571
20+
15() o O O (@) ()
_._._._._._._._._.9 ..................... ]
1P~ -0~
& -0 -0 ——-n0
s ]
1 2 3 4 6 12
M
n=288
35 "
30t
25t
20t
* ¥ ¥k ¥ * *
15 ..............................................
1006 O O O _ O ] S
b
0 n
1 2 3 4 6 12
M
n=1152
35 "
30+
2571
20
15t
T T S 20 ZHEEEE JUTTERUTO
OO0 O — .. 0
B - e T e et !
1 2 3 4 6 12

Rejection rates

Rejection rates

n=96
35 :
30}
25% ¥ ¥ ¥ * *
201
15¢
® O O O ©) _8
111 S N —— -
b~ -0
I p s U S s
1 2 3 4 6 12
M
n=576
35 -
30}
25}
20

* AT, no correction
- AT, log, no correction
O AT, correction
— - AT, log, correction
&  L=5, no correction
- L=5, log, no correction
O L=5, correction
———-L=5, log, correction

Figure 3: SV2F model with diurnal effects, no jumps

22



Rejection rates

Rejection rates

Rejection rates

n=48

100
95+

¢--O6--O0—-O———! G ———— D
90[3—_D__L_.L_D_______E|
g5 * ¥ ¥ T
80+
75¢ O

\'\O/'/Q_'Q// -
70 —

1 2 3 4 6 12

M
n=288

100 T
95+

A o i = B e e
90+
85*-*—-*—-*— ...... X .. ¥

A 4

I
7571
70 —

1 2 3 4 6 12

M
n=1152

100
o5 B R-—-f -
0% . %..%. . %...... L >

- @_,_@_.,@_ ..... @ ..................... <
85}
80+
75¢
70 — -

1 2 3 4 6 12

Rejection rates

Rejection rates

n=96

100 "
95+
90% s Dol i = Sttt |
85

T N S ¥ ¥
o B
75 Q9O

b
70 -

1 2 3 4 6 12

M
n=576

100 T
95}
90

oKX Ok o ox . o
Bl -9 :
80+t
75t
70—

1 2 3 4 6 12

M

* AT, no correction

------- AT, log, no correction
O AT, correction

— == AT, log, correction
&  L=5, no correction

- L=5, log, no correction
O  L=5, correction
———-L=5, log, correction

Figure 4: SV2F model with diurnal effects, finite activity jumps

23



Returns

0.15 T T T T T T T T T T T

0.1

0.05

-0.05

_01 | | | | | | | | | | |
Jun-04 Jun-05 Jun-06 Jun-07 Jun-08 Jun-09 Jun-10 Jun-11 Jun-12 Jun-13 Jun-14

Days

Figure 5: Daily returns on SPY from June 15, 2004 through June 13, 2014.

Figure 5 shows the series of daily returns on SPY over the 2497 trading days considered. The
2008 financial crisis is noticeable with large returns appearing in the third quarter of 2008 and the
first quarter of 2009. We can actually distinguish three subperiods for SPY: ‘Before crisis’, from the
beginning of the sample (June 15, 2004) through August 29 2008 (1053 trading days); ‘ Crisis’, from
September 2, 2008 through May 29, 2009 (185 trading days), and ‘After crisis’, from June 2, 2009
through June 13, 2014 (1253 trading days).

Table 1 gives some summary statistics on daily returns and 5-min-return-based realized volatility
(RV') and realized bipower variation (BV) over the mentioned periods. The average daily returns
before and after the crisis are positive (1.53 and 7.2 basis points, respectively) whereas the average
return over the crisis is -12.9 basis points. Daily averages of RV and BV are also quite high during
the crisis with both culminating to 6 times their respective level across the whole sample. The average
contribution of jumps to realized volatility as measured by RJ = (RV — BV') /RV also deepens during
the crisis period to 5%, whereas the 7% found for the full sample and in pre- and post-crisis periods
seems in line with the findings of Huang and Tauchen (2005) for S&P 500 future index.

Table 2 shows the percentage of days identified with a jump (jump days) by the asymptotic and
the bootstrap tests. Both the linear and the log versions of the test statistic are considered. In
line with the simulation findings, the asymptotic tests tend to over detect jumps compared to the
bootstrap tests. The asymptotic test based on the linear test statistic detects 26% of jump days in
the full sample while the bootstrap tests detect only up to about 16% of jump days. Our simulation
results with n = 96 (the closest to 78, the number of 5-min returns in a trading day) suggest that the
bootstrap test with L = 1 performs best at M = 3,4 while the bootstrap with L = 5 is quite stable
through M, but may lead to overrejections under the null. Under the alternative of jumps, L = 5
yields larger rejections than L = 1 independently of M. The empirical results in Table 2 confirm these
patterns, with the choice of L = 5 detecting more jump days than L = 1. The lack of power of the
bootstrap test for L = 1, M = 1 (and its conservativeness under the null) means that the 2.8% of jump
days detected by this test should not be trusted. Similar observations apply to the periods before and
after crisis. During the crisis period, the gap between asymptotic and bootstrap tests narrows from
10 to 7 percentage points. The percentage of jump days detected by the asymptotic test also reduces
to 21% and the bootstrap tests to 14%. As expected, the asymptotic test based on the log statistic
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Table 1: This table gives the average daily return, realized volatility (RV), realized bipower variation
(BV) and the contribution of jumps to realized volatility (RJ) of SPY over each period along
with their standard deviations. RV and BV are based on 5-min intra-day returns. These
statistics are also given over days identified with and without jumps using the version of the
test based on log(RV/BV) (a = 0.05)

Returns x10* RV x 10} BV x 10? RJ

Full sample: June 15, 2004-June 13, 2014 (2497 days)

Mean 2.93 0.99 0.95 0.07

SD 126.00 2.60 2.52 0.11
Before crisis: June 15, 2004-August 29, 2008 (1053 days)

Mean 1.53 0.55 0.51 0.07

SD 86.91 0.66 0.64 0.11
During crisis: September 2, 2008-May 29, 2009 (185 days)

Mean -12.90 6.06 5.82 0.05

SD 313.03 7.31 7.03 0.11

After crisis: June 1, 2009-June 13, 2014 (1259 days)
Mean 7.20 0.93 0.89 0.07
SD 117.08 1.61 1.77 0.13

Days identified with jumps by the asymptotic log test (582 days)

Mean 10.80 0.82 0.64 0.22

SD 129.53 1.96 1.52 0.07
Days identified without jumps by the asymptotic log test (1915 days)

Mean 0.54 1.05 1.04 0.02

SD 124.53 2.76 2.75 0.08

Days identified with jumps by the bootstrap log test
(M =1,L =5, 361 days)

Mean 12.41 0.83 0.62 0.25
SD 139.96 1.92 1.42 0.07
Days identified without jumps by the bootstrap log test
(M =1,L =5, 2136 days)

Mean 1.33 1.02 1.00 0.04
SD 123.45 2.70 2.66 0.09
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Table 2: Percentage of days identified as jumps by the daily statistics (o = 0.05) based on 5-min

returns
Tests based on RV — BV Tests based on log(RV/BV)
Bootstrap tests Bootstrap tests
M M
1 2 3 4 6 1 2 3 4 6
Full sample: June 15, 2004 through June 13, 2014 (2497 days)
Asymp. 26.2 23.3
L= 2.8 12.0 133 135 151 16.0 16.0 16.5 16.1 17.2
L=5 12.3 157 164 164 16.8 145 158 155 155 15.9
Before crisis: June 15, 2004 through August 29, 2008 (1053 days)
Asymp. 254 22.4
L=1 3.1 11.9 13.7 134 154 156 158 16.6 16.1 174
L=5 12.1 16.1 164 16.4 16.5 144 16.1 158 152 15.5
During crisis: September 2, 2008 through May 29, 2009 (185 days)
Asymp. 21.6 18.9
L=1 1.6 103 114 13.0 124 14.1 14.1 13.0 14.1 13.5
L=5 10.3 124 124 13.0 14.1 11.9 124 124 13.0 13.0
After crisis: June 1, 2009 through June 13, 2014 (1259 days)
Asymp. 27.6 24.6
L=1 2.8 124 133 13.7 153 16.7 16.5 17.0 16.5 17.6
L=5 12.8 158 17.0 16.8 174 149 16.1 158 16.0 16.8
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detects 3 percentage points less of jump days compared to the linear version. The bootstrap tests are
rather stable when applied to log or linear version of the statistic, as in our simulations.

We also investigate the presence of diurnal effect in our return series. The presence of diurnality
may further distort the asymptotic test, as shown by our Monte Carlo experiments. Figure 6 plots
the diurnal pattern of SPY. The graphs display average absolute 5-min returns over the days in the
specified sample. (See Andersen and Bollerslev (1997).) The U-shape of these graphs highlights the
presence of diurnality in volatility: higher volatility at the start and the end of the trading sessions.
This pattern looks stronger in the crisis period than in the other samples.
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Figure 6: Diurnal pattern of SPY. The graph displays the average (over the specified samples) of
absolute 5-min intraday returns of each trading day. ‘Before crisis’ refers to the sample from
June 15, 2004 through August 29, 2008 (before the 2008 financial crash). ‘During crisis’
refers to the period from September 2, 2008 through May 29, 2009 and ‘After crisis’ refers
to the period from June 1, 2009 through June 13, 2014.

Table 3 is analogue to Table 2 but with tests based on returns corrected for diurnal effect along the
procedure described in the section on Monte Carlo experiments. The most noticeable fact is that more
jump days are now detected in the period of crisis by the asymptotic test (an increase by 2 percentage
points) and less jumps are detected for the other periods. Overall, the jump pattern detected seems
uniform through the whole sample studied at about 24% of jump days. The bootstrap tests are rather
robust in non crisis periods but detect slightly more jumps in the period of crisis after correction
for diurnality. Overall, the bootstrap tests detect about 15% of jump days across the whole sample.
Accounting for diurnality also affects the test based on log-statistic. The asymptotic test detects less
jumps in non-crisis periods (than without correction for diurnality) and more jumps are detected in
the crisis period. The bootstrap tests lead to relatively unchanged conclusions over non crisis periods,
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Table 3: Percentage of days identified as jumps by the daily statistics (o = 0.05) based on 5-min
returns. The tests are applied to returns after correction for diurnal effect.

Tests based on RV — BV Tests based on log(RV/BV)
Bootstrap tests Bootstrap tests
M M
1 2 3 4 6 1 2 3 4 6

Full sample: June 15, 2004 through June 13, 2014 (2497 days)

Asymp. 24.0 20.5
L=1 2.8 10.7 13.0 134 14.5 14.5 15.6 15.5 155 16.0
L=5 11.1 14.8 153 154 154 12.7 14.6 145 146 13.9

Before crisis: June 15, 2004 through August 29, 2008 (1053 days)

Asymp. 224 19.0
L=1 29 104 130 12.8 14.8 140 149 149 146 158
L=5 11.2 144 154 149 152 12.3 144 143 142 1338

During crisis: September 2, 2008 through May 29, 2009 (185 days)

Asymp. 23.8 21.6
L=1 2.2 103 119 13.0 135 16.2 17.3 16.8 17.3 15.7
L=5 10.8 15.7 146 15.7 151 13.5 14.6 151 13.5 119

After crisis: June 1, 2009 through June 13, 2014 (1259 days)

Asymp. 25.3 21.7
L=1 29 11.0 131 139 14.3 14.7 159 15.8 16.0 16.2
L=5 11.0 14.9 153 158 15.6 13.0 14.8 145 151 144

but detect slightly more jumps during the crisis. Overall, the log asymptotic test detects about 20%
of jump days whereas the bootstrap tests detect about 15% of jump days.

To conclude, the asymptotic tests over detect jumps compared to the bootstrap, with the log
version of the asymptotic test yielding the smallest detection rates among the asymptotic tests. These
rates are nevertheless larger than those obtained with the bootstrap by at least 5 percentage points
(when L = 5), whether the latter is applied to log or linear version of the test statistic and whether
the returns are corrected for diurnality or not.

8 Conclusion

The main contribution of this paper is to propose bootstrap methods for testing the null hypothesis
of “no jumps”. The methods generate bootstrap intraday returns from a Gaussian distribution with
variance given by a local realized measure of integrated volatility ©;'. We first provide a set of high
level conditions on {0]'} such that any bootstrap method of this form is asymptotically valid when
testing for jumps using the test statistic proposed by Barndorff-Nielsen and Shephard (2006). This
means in particular that the bootstrap is able to control size and is consistent under the alternative
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of jumps.

We then provide a detailed analysis of two examples. The first example considers ?' equal to
a local realized volatility measure computed over non-overlapping intervals of size M (as suggested
by Hounyo (2013) in the context of bootstrap inference for realized volatility). We show that this
bootstrap method is able to mimic the null distribution of the bootstrap test of BN-S (2006), for any
fixed value of M, thus controlling size. Nevertheless, under the alternative of jumps, this bootstrap
method does not replicate the null distribution of the test, which can compromise its ability to reject
the null when this hypothesis is false. In particular, for the special case of M = 1 (in which case the
local Gaussian bootstrap becomes a regular Gaussian wild bootstrap), we show that the bootstrap
test statistic diverges to infinity under the alternative of jumps. Given that the two statistics diverge
at the same rate, sharp conclusions about the power of the test cannot be obtained. However, our
simulations show that this bootstrap method has very low power, even for large sample sizes.

The main reason for the failure of the bootstrap method based on the local realized volatility
measure is that this choice leads to a bootstrap test variance that is not robust to jumps. Therefore,
we consider a second choice of 97" that ensures that the bootstrap variance is robust to jumps. More
specifically, we let 9}' be equal to multiproducts of powers of local realized volatility measures, where the
number of products is L and the multipowers are given by {p; : l =1,..., L} such that Zlel p = 1.
When L = 1, we obtain the choice of 9" proposed by Hounyo (2013). We show that if we let
max (p;) < 1/2, which is equivalent to letting L > 2 when p; = 1/L for all [ = 1,..., L, then the
bootstrap test statistic is asymptotically N (0,1) under both the null and the alternative hypothesis.
This implies that under these conditions the bootstrap test controls size and is alternative-consistent.
In our Monte Carlo experiments, choosing L. = 5 ensures good size and power properties of the
bootstrap across the two different models we simulate.

Although our simulations clearly indicate that the bootstrap provides more accurate inference than
the existing asymptotic tests, we do not prove in this paper that the bootstrap provides asymptotic re-
finements over the asymptotic theory. Because the tests considered here involve multipower variations,
computing the necessary higher order cumulants would be extremely cumbersome and would require
imposing restrictive conditions such as no leverage effects and no drift. Instead, we have decided to
focus on the properties of the tests under the absence and the presence of jumps and leave the study
of higher order asymptotic refinements for further research.

A Appendix A: proofs of the general bootstrap results in Section 2

Proof of Lemma Part (al) follows from E* (u;) = E* (p?) = 1 and (a2) from E* (wl) =
E* (|mi-1] |772|) = k2 For (a3), note that u; is i.i.d. X}, which implies that Var* (vn Y o, 00 - u;) =

ny.r (0] 2.V ar (ul) =2n)." (0] )2 For (ad), note that w; is one lag-dependent, i.e. Cov* (wi, wj) =
0 for |i —]| > 1. Thus,

1 S o \1/2
Var* (v/nBV)) = k4 n (Z (07) (07_) Var* (w; —i-QZ 1/2( 7o) (07y) 2 Cov* (wj, wi—1) )
L1 i=2 i=3

The result, follows by noting that Var* (w;) = Var* (Ini—1| [n:|) = 1 — ki ; and Cov* (ws, w;—1) = k3 ; —
k‘fl. For part (ab), note that for all i =1,...,n, Cov* (u;, w;) = k1 3k11 — kil, Cov* (uj, wi—;) = 0 for
j >0, and Cov* (uj, wiyj) = 0 for all j > 0 except when j = 1, where Cov* (uj, wit1) = k1 3k1,1 — k:%l.
The result follows from standard calculations noting that k13 = 2kq 1.

Proof of Theorem (3.1, Part (al): Write

n n
—-1/2
Zy =35 "\ Dief=nY 2,
i=1 i=1
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with 2 = PO 1/2D e;, and

o 0 u; — E*(u;)
D; = an1/2 (2 \1/2 |, and e = ! wr ,
( 0 %(Ui)/ (7%'71) / ) (wi—E (w;) )

where we set 0 = 0 and where u; = n? and w; = |n;| [;—1| and 7; ~ i.i.d. N (0,1). Note that e} is a
zero mean vector that is one-dependent. We follow Pauly (2011) and rely on a modified Cramer-Wold
device to establish the bootstrap CLT. Let D = {\; : K € N} be a countable dense subset of the unit

circle of R?. We have to show that for any A\ € D, N'Z* LN N(0,1), in prob-P, as n — oo.

From Lemma we have Var*(XN'Z}) = 1 for all n. Hence, to conclude, it remains to establish that
N Z* is asymptotically normally distributed, conditionally on the original sample and with probability
P approaching one. Since z’s are lag-one dependent, we adopt the large-block-small-block type of
argument to prove this central limit result (see Shao (2010) for an example of this idea). The large
blocks are made of L,, successive observations followed by a small bock that is made of a single element.

More precisely, let L, be an integer such that L, « n% for 0 < a < ﬁsome 0 > 0. Let
kn = | 1] Define the (large) blocks Lj = {i e N: (j = 1)(Lp + 1)+ 1 <i < j(Ln +1) — 1}, where
1<j<kypand Ly,+1 ={i € N:kp(Lp,+1)+1<i<n}. Let szzieﬁ Nzf jg=1,...kp+ 1.

Clearly,
kn+1

NZF = \FZU*+\FZz (Lot 1)

Next, we show that under Condition A,

() \FZ] 125 (Lt1) = op+(1), in prob-P; and
(ii) for some § > 0,
kn+1

> B VUi 5o
j=1

d*

Condition (ii) suffices to show that fzknﬂ Uy —
dependent array, conditionally on the sample. The result then follows given condition (i). Let us
establish (i). Since E*(zf) = 0 for all 4, it suffices to show that Var* (\FZ] 1 ;‘Lnﬂ)) = op(1).
For this, since L,, > 1 for n sufficiently large, z* (Lt 1) ’s are independent along j conditionally on the
sample so that

N (0,1), in prob-P, since {U]’-‘} form an in-

kn
Var* (Va2 | = NE Panss T,

where 0 = Var* <\/ﬁ Z?ll Dj(Ln+1)e;(Ln+l)) . It follows that
kn )
* * 2 *— *
Vart (Vi 2w, ||| < 0P| =772 les.
j=1

2
Since ©F — ¥* > 0 (by Condition A, and given Lemma, it follows that HEZ_IQH =tr (X;71) =7

tr (271 = HE*_IH =2)2. (1) =2)7 (£%) = Op (1), given that IQ > 0 a.s. Next we analyze
|€2% || . We have that

o, = ”Z Dj(L,e) B <e;’(Ln+1)e;ELn+1)> Di11)
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which implies that

050 < 1D, 2B (i Lm)H<0nZHD P
7j=1

for some constant C' independent of n (note that the moments of e do not depend on n). In the
following, we use C' to denote any constant that is independent of n where the definition may change
from line to line. Since for any i,

1Ds]1* = () + = (@F) (871) » (15)

it follows that

* 2 1 AN nn

191 < C”Z 1Dzl < C”Z (( (L1 ) + N (Uj(Ln+1)) (U La+1) 1))
J=1 ’

where k,, = Lﬁj <= n!=% by letting L,, = cn®. By Condition A.(iii), ,, = nZJ 1 ( (Lot1) )

op (1) and this suffices to prove that ||QF| = op (1). Next, we verify (ii). For any 1 < j < k,,, by the
c-r inequality,

246
126 B WP R ZAL i PV 4 > IDilP e
i€L; iEL:
It follows that
* %|2+90 ) 245 *— 2+ 246 ik * (1240
B U < D AP || S D B e
iELj
246
< CL;HSHE:;I/ZH Z 1D 12+,
Z'Eﬁj
implying that
kn+1 kn+1
Z E* ‘\/EU;‘Q—HS < Cn1+5/2L%L+5 2:;1/2 Z Z HD ”2+5
j=1 Jj=1 ieL;
1+6/2 71490 1/2 244 EaN 2+5) 246 246
< onnpes a2 TS0 S (e o) )
Jj=1 ieL;
n
< OntPRLT I H(SZ((@?)W)H@?)@J(@?1)2?)
i=1

< C "2271/2”2% L%ﬁanﬂm <n1+5 Z @?)(2%)) 7
i=1

where the second inequality follows from (15 and the last by the c-r inequality. Given Condition A.(ii),
1
the sum in parenthesis is Op (1) and therefore the whole term is Op ( ;2 ) Setting L, = Cn®, this

term is of order O (”2(;;6)> = O (no(+9=9/2) = (1) if a(1+6) — §/2 < 0, or equivalently, if
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a < (1 57+ This concludes the proof of part (al). Part (a2) follows from an application of the delta
method.
Proof of Theorem [3.2] Given Theorem [3.1] part (a2) follows from (al). To show (al), note that

n 12/3

« [ TA* 1 5 n 12/3
B (1Q,) = ————n Y o7 P/* fop, |

C4/3,4/34/3 3

=P 10,

1—2 ‘

under Condition B.(i) whereas B.(ii) ensures that Var* (f@;) —P 0. In particular, let z} =

|r;‘\§|r;‘_1]% \r;‘_2|% and note that =} is lag-2-dependent. Hence,

L ()

= 7; (ZV@T +QZCOU Ti_q,; +QZCOU i 2,@))
1§

=3 =5

( 4/3 ( o, )4/3 4/3 Z 2/3 4/3 (1};’_2)4/3 (@?_3)2/3
4 n2 Z 2/3 2/3 (@?72)4/3 ({)?73)2/3 ( o 4)2/3> :

Var* (I:CVQZ) =

IN

for some constant C' that does not depend on n. By Condition B.(ii), each of the sums inside the
parenthesis is op (1) .

Proof of Theorem Strong asymptotic size control: Let S C )¢ denote any measurable subset
of Qo with P(S) > 0. Since T, N N(0,1), in restriction to €y, we have (see Ait-Sahalia and
Jacod (2014, Theorem 10.1, p. 339)) that for any x € R, P (T}, < z|S) — ®(x), as n — oo, where
®(z) is the cumulative distribution function of the standard normal random variable. Since ®(x) is
continuous, sup,cg |P(T, < z|S) — ®(z)| — 0, as n — oco. By the validity of the bootstrap on g
under Conditions A and B, we have that sup,cg |F)(z) — ®(z)] £ 0, where F)(z) = P*(Ty < ).
Thus, sup,cg |F(z) — P(T), < z|8)] 5 0. It follows that

* * P
|F;(Qn,lfa) - P(Tn < Qn,17a|5)‘ = ‘1 —a—1+ P(Tn > Q:L,lfa‘s)} — O’

Le. P(Th > g 1-4l5) L & as n — o0o. This establishes the first part of the theorem.
Alternative-consistency: Given Definition 5.19 of Ait-Sahalia and Jacod (2014), this amounts to
showing that
PUTw < g1 o} NQ1) =0 as n— oo, (16)

Let € > 0. Since T, = Op+(1) in prob-P, we have g, ;_, = Op(1). (See proof below.) Hence,

IN1 €N and Mo >0: P(g1-0 < Mo)>1—¢, Vn> N

Also, since T}, 5 +o00 on €y, for any M < oo, P({T,, < M} NQy) < e for all n sufficiently large. Thus,
in particular,

dNy € N : P({Tn < MO} N Ql) <€ Vn> No. (17)
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Hence, for n > max(Ny, No),

P({Tn < q;,l—a} N Ql) P ({Tn < q;,lfa N qz,l—a < MO} N Ql) +P ({Tn < qz,lfa N qz,lfoé > MO} N Ql)
P({Tn < M()} N Ql) + P ({Tn < q;;,l—a N q;;l_a > M()} N Ql)
P{T, < Mo} n Qi)+ P ({g 10> M} N)

P({Tn < Mo} N Q1)+ P (g o> M) <ede=2e

IAIAIA

Since € is arbitrary, this proves . To complete the proof, we prove that g, ;_, = Op(1). Let € > 0.
Since T, = Op~(1), in probability-P, by definition, there exists M > 0 such that

PP (T;>M)<a)>1—c¢,

for any n large enough. By definition of ¢, ;_,, {P*(T; > M) < a} implies that {qz’l_a < M} Hence,
P(PX(T; > M) < a) < P(g},_o < M). As aresult, P (g, , < M) > 1—¢ for n large enough,
proving that g;, 1, = Op(1).

To prove Lemma we rely on the following auxiliary result; the proof of which is omitted since
it follows from simple algebra.

Lemma A.1 Let {a;:i=1,...,n} be any sequence such that for j = 1,...,n/M, a;\(;_1); = Gy,
i=1,...,M. Then, for any {s1,...,sKx} such that s = Zszl s and 8 = Zle s1, we have that for
M>K-1,

n/M K—1n/M
Z H @ = (M- K+1)>" (a)° + (@)™ (@j—1)" .
i=1 k=1 j=1 k=1 j=2

Proof of Lemma Parts ( 1) and (a2) follow from Lemma[A.1] Part (a3) follows from replacing
" = |r?P iy \27?2 \rz £11/?PF in the multipower variation of o7, collecting terms and using the

definition of MV]\[Z’ ({gr}) with M = 1.
Proof of Lemma Proof of part (al): Since X is continuous on [0, 1] for any w € Qq, J; = ;V:’fl cj
is constant in ¢ € [0, 1] for any w € . Hence J; — Z;V:Ol ¢; =0 on €, and for all ¢ € [0, 1]. Consider

No
=Yit) <
j=1

where Y; as defined by Equation (2). Since Z 0, ¢j is constant in ¢, X, is a continuous process as

a result of the continuity of Y;. Let M VJ\[/Iq’ Xk%) be associated with X' as M V]\[;][’K](Qk) is associated
with X. Since X/ is continuous, by Theorem 3 of Mykland, Sheppard and Shephard (2012),

V]\[;’X/ (qx) —>/ olds.

Hence, so long as P(€g) > 0,
1
P (ol - [ oras
' 0

Also, Xy = X, + J; — Z;V:Ol ¢; and for all w € Qy, Xy = X{, for t € [0,1]. Therefore, on €,
M V]\[/q[’@(qk) =M V]\[ZJ’K] (gr). This completes the proof of (a.1) since
Qo> |

1 1
P <‘MVA[5’K] (qr) —/ olds Qo> = (‘MVAZ’Q( k) — / olds
0 0
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Proof of (a2): Using the decomposition given in equation (2), and letting M V]\[;’f,q (gx) denote the
blocked multipower variation associated with the process Y, we have that

1 1
MV (g) - /0 olds = (Mvz{j;ff](qk) - /0 aﬁds)—i—(MV]\[j’K} (a) = MVi3Y) (@) = Ar+45. (18)

By part (al) of this lemma, A; = op (1) given that Y is continuous. Therefore, we only need to
establish the order of magnitude of As. We use arguments similar to those of Barndorff-Nielsen,
Shephard and Winkel (2005, cf. Section 3.1) to do so. For simplicity, we only give the details for

. Ni/m .
K = 2. Letting ; = y; + 2i, where y; = Y;/, — Y(;_1);,, and z; = ij/N(-_l)/ 41 Cj, We can write

1 < 1 )
B _ 2
By = g7 2 rhg-om = 37 2o WisG-uom + 2 Gnn)
i=1 i=1
1 < 1 &
= > WG T i > (2yi+(j,1)Mzi+(j,1)M + zi2+(j71)M>
i=1 i=1
= }/J + Zj,
for any j =1,...,n/M. Thus,
Mq/2 ’VL/M B B Mq/Q n/M B B
_ —1+q/2 1n/2 15 |92/ —1+q/2 /2 5 |92/2
Ay = n7HH giMZ‘RJ‘l L e 27MZ\Y3\1 V5[
H kg =2 H kg, 772
k=1 k=1
Ma/? nMo _ _ Ma/2 n/M _
—1+q/2 /2 /2 - 2 /2 /2
T MY Y+ G| Vi 2P T e M Y [T (1
H kg =2 H kg =2
k=1 k=1

Suppose max (qi) < 2, which implies that 0 < ¢;/2 < 1, and ’YJ + Zj}ql/g < |§7j}q1/2 + !Zj“hﬂ by the
C, inequality (and similarly for the factor whose exponent is g2/2). It follows that

n/M n/M n/M
|As| < n-1+a/2 Z ‘Zj|q1/2 |Zj_1‘(p/2+n*1+q/2 Z |Zj‘(“/2 ‘E_l‘q2/2+n71+q/2 Z |}7j‘q1/2 |Zj_1‘QQ/2
j=2 j=2 j=2

where we omit the factors depending on M (this is without loss of generality, since M is fixed). The
first term is op (1) because the probability that two jumps (or more) occur in two consecutive intervals
of length M /n goes to zero as n — oo for finite activity processes. Next we show that the same is true
for the second and third terms. In particular, the second term can be bounded as follows,

_ > /2 | /2 _ S /2 5 /2 _ 2
n il Z |Z;|" 7 [ | ™7 <7t <2S§¥1§%§M Y51 ]* >Z |2;|""" = Op (n /2 log n|%/ ) ,
7j=2 7j=2
:Op<n_q2/2|logn\q2/2) —0p(1)

(19)
where we use Levy’s continuity theorem (see e.g. Proposition 1 of Barndorff-Nielsen, Shephard and
Winkel (2005)) to bound the first factor and we use the fact that there are a finite number of jumps

n/M N1
to bound the second factor (in particular, ‘Zj‘(nﬂ < > ]ei|™ = Op(1)). By a similar argument,
j=2 i=1
n/M
n~1+a/2 Z |}7j}q1/2 |Zj_1‘q2/2 — Op (n—1+q2/2 ‘logn"h/?) . (20)

Jj=2
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The dominant term among and is the one associated with max (q1,¢2). Thus, |As| =
q— m'xx(qk

Op < —lmax(ar)/2 |log | ), which is op (1) when max (g) < 2.

—

Suppose now that max (gx) > 2. Then, either ¢g; > 2 or g2 > 2 (or both). By the C,-inequality, we
have that ‘Y] + Zj‘ql/z < 9% -1 (‘Yj‘ql/z + ‘Zj‘ql/Q) ,where now the constant in front of the paren-

thesis is larger than one (since 29/2 > 2) (and similarly for the term depending on gz). It follows that
for some constant C, that depends on g1, g2 but not on n, we can bound Ay as follows:

14, < €, p1+a/2 Z |Zj‘q1/2 ‘Z~,1‘q2/2 4+ plta/2 Z |Zj‘q1/2 ‘inl‘qz/z
j=2 j=2
L lHa/2 Z |}7j‘q1/2 }Zj_l‘qzﬂ n1+a/2 Z ‘Y ‘q1/2 ‘ B ‘q2/2

The first three terms can be analyzed as above whereas the last term is Op (1) (since it depends
only on the continuous process Y;). Since max(qi,q2) > 2, the dominant term is given by ei-
ther the second or the third terms, depending on the value of max(qi,q2). If max(q1,¢2) = qi,
the second term will be dominant, otherwise it will be the third term. We can conclude that

q— max(q )
|As| < Op < —l+max(ax)/2 |]og n : > , proving the result.

B Appendix B: proofs of results for Examples 1 and 2

This Appendix is organized as follows. First, we provide some auxiliary results used in proving
Theorem followed by their proofs. Then, we provide the proofs of Theorems and
Our first result shows that V" diverges at rate n in restriction to €2;.

Lemma B.1 Suppose , (@ and Assumptions 1 and 2 hold. Then, for M =1, on (),

Vi1
== M (@) +op (1),

where aliMVI[zl’l] (4) L v in restriction to Qq, for some r.v. v*. Hence, VT’: EaonS Furthermore,
if P(Q1) >0, then P(v* > 0|Q) =

Next we show that i); , 1@, in prob-P on €.

Lemma B.2 Suppose , (@ and Assumptions 1 and 2 hold. Then, for M = 1, IA@Z L 1Q, in
prob-P.

Finally, we show that the order of magnitude of Z} = Op« (1) defined in Section 4.2 is sharp.

Lemma B.3 Suppose , (@ and Assumptions 1 and 2 hold. Then, for M =1,
RV — BV* — E*(RV' — BV) -5 o*

for some r.v. x* which, conditionally on Qi is non degenerate at 0. Consequently, Z} = Op~ (1),
where this is a sharp order of magnitude.
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Proof of Lemma The order of magnitude of the last three terms in V" given in (14} is
obtained from Lemma [3.3|(a2) and is equal to o, (1) when divided by n. Thus, we only need to derive

the probability limit of 1 M/ V1[4’1] (4). We can write

—Mv[‘* Yy == (nZ\m ) = imr‘*.
=1

Recall that for any ¢t > 0, Xy = Y; + J;, where J; = ;V:tl cj. It follows that r; = y; + 2z;, where
N'L' n
Yi = Yiim — Yi1)m and z; = Zj:/]V(i—l)/n+l c;. Therefore,

n n n n n
Dot =D it alt =) lal + (Z lyi + 2" = Izz-l‘*) = Ri + Rs.
i=1 i=1 i=1 i=1 i=1

By the Minkowski inequality,

n 1/4 n 1/4 n 1/4
(Z\mz#) —(Z\z#) s(Z\yir‘) = 0p (1) = op (1),

i=1 =1 i=1

since y; is the intraday return from the continuous part. This implies that Ry = op (1). Next, under

finite activity jumps,
N(1)

lezl = Z lej* = v

Clearly, v* > 0 on 7; which concludes the proof.
Proof of Lemma First, note that for M =1,

n
B (IQ”> k3 n Y e[ o
1,4/3 =1

By Lemma (al), E* (IA@:L) 2, IQ under Assumptions 1 and 2, since max (qx) = 4/3 < 2. Next,

we analyze the variance of f@; This variance is bounded by

—_— n
Var® (IQD <Cn™ <n3 S el a1 P73 o PP
=3
n
+03 3 [ral 2 a1 [P [riaf*/? fri_s |
i=4
n
+ nS Z ”ri’4/3 |Tz'—1‘4/3 ’ri—2|8/3 |7ai—3‘4/3 ’ri—4|4/3> )
=5

By Lemma [3.3|(a2), each of the terms above is of order
7max( ) 7max( )

which is op (1) provided max (g;) < 4. Since here ¢ = 8 and max (g;) = 8/3, this condition is satisfied.
Proof of Lemma [B.3l We can write

RV} — BV — E* (RV,) — BV,)) = (RV,, — E* (RV)))) — (BV,, — E* (BV,))).
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We can show that the second term converges to zero under P*, in prob-P. Indeed, by construction
E*(BV, — E*(BVy)) =0 and

Var (BV?) = %Var* (VABV?) = Op (“Og:”') —op (1),

The order of magnitude of Var* (BV,) is explained by the fact that Var* (/nBV,f) is a function of
n S |l rica[? and 0 32 |rd] i1 |? |rie|, which from Lemma (a2) are Op(|log(n)|).

The first term RV, — E* (RV*) = > i1 Tin (n? — 1) where r; is replaced by r;, to stress its
dependence on n and 1712 ~ ii.d. x?. Thanks to the assumption of rare jumps, for n large enough, we
can assume that each time interval [’ 1 ’] has at most one jump and let I,, be the set of i’s such that

[=1, L] contains a jump. Let I, (-) be the usual indicator function. We have that

o)
n n
Zri%n(nzg_l)zzri%n i_l ]Ifn +Zrzn U 1_]Ifn<)>E Tn—"_A;n
=1 =1

Clearly, E*(A35,,) = 0 and
Var*(As,) = Zrm — 17, (3))Var*(n? — 1) —QZTM —1Ir,( <22ym—0p

As a result, A5, LN 0, Prob-P. Consider now Aj, and note that A}, = Y1 r?, (n? —1)1;,(i) =

i=1"%n
Ny
St r2, (02 — 1), with iy = yin + ¢ Let 2% = Y c2(n? — 1). We have
=1
Ny
ATn -t = Z(Tz%n - 012)(7712 - 1)
=1

From Proposition 1 of Barndorff-Nielsen, Shephard and Winkel (2006), we claim that, for every i =
1,..., Ny,
30— G = Win +¢i)* — &G = yin + 2¢in = op(1).
Thus, (12 Tin —c2)(n? — 1) = 0p(1)Op+(1) = op+(1), in prob-P. Since Nj is finite P-almost surely, it
follows that A}, —2* = op=(1), prob-P. We deduce that

d*

X"
in prob-P. We complete the proof by showing that conditionally on €1, * is non degenerate at 0, i.e.
P(z* =0[Q) < 1. (Note that =* is not necessarily measurable with respect to the original probability
space (2, F, P). In this expression, P must be seen as the natural extension of the original probability
space that makes 7;’s measurable. We keep the same notation for simplicity.) We actually show
that P(z* = 0]€1) = 0. Clearly, * is function of (N, c1,...,¢eny, M1,y ---,0N,) With (Ni,e1,...,¢n)
independent of (71, ...,nn,). Hence,

Ny
P(z* =0[Q) =P <Z AP —1) = 0‘ Ny > 1)
=1

Ny
= > {P(Nl =m|N; > 1) fZI . P <Z 2m?-1)=0lc=2N, = m) dF.(z|Ny = m)}
m>1 e i=1

. {P(N1 —mN =) [, (fj 22— 1) = 0> dF,(2| Ny = m)} .

m>1 =1
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Since n? — 1 for i = 1,2,... are independent with continuous distributions, so are 22(n? — 1) for

i =1,2,... (so long as z; # 0). Hence, if at least one z; is different from 0, the random variable
Yoz 1 % (7]Z — 1) has a continuous distribution and hence, P (37", z2(n? — 1) = O) = 0. It follows that
P(z* = 0|Q;) = 0 since, from Assumption 2, P(¢; = 0) = 0 for all ¢+ = 1,2,... which ensures that

P(c=0|N; = )—Oforallm>1
Proof of Theorem |4.1| Part (al): Condition A(i) is a consequence of Lemmas [3.2] and In fact,
from Lemma (al), RVn and M V]\[i’g](l, 1) converge in probability to fol o2du in restriction to Qg
and MV4), MviE2,2), MvIiEAs,1), MV ,3), MVE(1,2,1) converge in probability to
fol oﬁdu in restriction to §29. The constants cg .. 4, are obtained by collecting the coefficients that
multiply the integrated quantities. For Condition A(ii), we have

n/M M n/M

n 246 _ k

N é M,4+26 44-26,1

RS @ =N S (o) =0 MR = SRy (4 26),
= 7=1 =1 7j=1

From Lemma (al), M V]\[;[H%’l] (4 + 26) converges in probability to fol o4+ s in restriction to Q.

This shows that n'+0 S°"  (57)2™ = Op(1). For Condition A(iii), let § > 0, a € (0,6/(2(1 + 6))
2

and L, o« n* We have to show that nz ( J(Ln+1)> = op(1l), with k, = [#} , where

o = Rj = E;i/[(jil)MH TZ/M. As seen in the proof of Lemma on {2y, X; coincides with the

continuous process X, and, through the same trick as in that proof, we can deal with X; as though it
is a continuous process. From Proposition 1 of Barndorff-Nielsen, Shephard and Winkel (2005),

1
max |ry| = Op (\/ 0gn> .
1<t<n n

Hence, Rj =0Op (10%) uniformly over j = 1,...,n/M. Therefore

”f: (ﬁ?(Ln—H)) = nk,Op <1Ogn< >> =O0p(n™") = op(1). (21)
j=1

Condition B(i) follows from Lemmas [3.2] and [3.3] similarly to Condition A(i). Flnally, for Condition
B(ii), let K € {3,4,5} and ¢ denote a K-vector of nonnegative numbers with % b1 @k = q- We show

that
n—2+a/2 )¢ /2
2y H O )™ = 0p(1).
i=K k=1
Note that this quantity is equal to n~! times a linear combination of terms such as M V ({ a})

with coefficients that only depend on M and {q¢;: ¢ =1,...,K'}. See parts (a2) and (a3) of Lemma
The result now follows from Lemma [3.3|al) since for any fixed M > 1, we can deduce that, in

restriction to €y,

_ 2 _
2+q/2ZH (87 s1) ™ = Op(n™1) = op(1),

i=K k=1
for any K € {3,4,5} and any K-vector of nonnegative numbers ¢q. Part (a2) follows from Theorems
51} B and B3
Proof of Theorem The proof follows from Lemmas [B.1] [B.2] and [B.3]
Proof of Theorem The proof follows the same arguments as that of Theorem with the
difference that we now rely on the condition that max (p;) < 1/2 to apply part (a2) of Lemma
under both € and €.
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C Appendix C: Bootstrap test statistic for the log version of the
jump test

The asymptotic test based on logarithm transformation of the linear version of the jump test as given
by has been proposed by Huang and Tauchen (2005). It follows from and {4 that

S I
V1 (log RV,, — log BV,) 4 N (O,TI‘%> r=6-2

and the test statistic of the log version of the jump test is given by

v/n (log RV,, — log BV,,)

Tiogn = —
\/’7’ max (1, é%2>

The bootstrap test statistic Tl"(‘)gm for Tiog,n derives from Theorem (al). By a Taylor expansion, we
have

RV E*(RV?) L RV* — E*(RVY)
f(log BV — log E*(BV;)) = ( B (RV;) B (BVy) )\f BV* — E*(BV?) +op+(1), Prob-P.

Condltlonally on no jump, E*(RV}) L oIV and E* (BVy) T c1,11V. In Example 1, ¢ = 1 and

c11=1- M + M2 . In Example 2,

kL ) k‘L ]{72 ]{ZL_l
M,2 1 Myz M’l M’E
CQ—Manchl—(l—M> ML+ ]LWQ L. (L =05),

and in Example 3, co = k12 and ¢11 = kil.
From Theorem [3.1[al), we deduce that

RV E*(RVY)
N (log B — log B (BVH)
Ji
\ Tlog n%
8

with Tl’gg =45 -2 0o _ 4 & The bootstrap test statistic for Tieg,, is given by

c5 c1,1¢2 c1 1

) 4 N(0,1), in Prob-P,

RV RV
f(log BV 10 gE*EBV*%)

Tlog,n - .
* 2 1Q,
\/Tlog max <1, i (BV,;?)2>

Under , and Assumption 1, Tjog , satisfies the conditions of Theorem and if Conditions (A)
and (B) are satisfied, the conclusions of that theorem hold for Tiog n, and the resulting bootstrap test
controls the strong asymptotic size and is alternative-consistent.

*
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