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1. Introduction

Stochastic processes are widely used in science nowadays, as they allow for a flex-
ible modelling of time-dependent phenomena. For example, in physics stochastic
processes are used to explain the behaviour of quantum systems (see van Kam-
pen, 2007), but stochastic processes are also suitable for financial modelling.
The seminal paper by Delbaen and Schachermayer (1994) suggests to use the
special class of Ito6 semimartingales in continuous time. Financial models based
on Ito semimartingales satisfy a certain condition on the absence of arbitrage
and moreover they are still rich enough to accommodate stylized facts such as
volatility clustering, leverage effects and jumps. As a consequence, in recent
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years a lot of research was focused on the development of statistical procedures
for characteristics of I1to semimartingales based on discrete observations. In par-
ticular, the importance of the jump component has been enforced by recent
research (see Alt-Sahalia and Jacod, 2009a and Ait-Sahalia and Jacod, 2009b)
and common methods in this field are gathered in the recent monographs by
Jacod and Protter (2012) and Ait-Sahalia and Jacod (2014).

A fundamental topic in statistics for stochastic processes is the analysis
of structural breaks. Corresponding test procedures, commonly referred to as
change point tests, have their origin in quality control (see Page, 1954; Page,
1955) and nowadays, these techniques are widely used in many fields of sci-
ence such as economics (Perron, 2006), finance (Andreou and Ghysels, 2009),
climatology (Reeves et al., 2007) and engineering (Stoumbos et al., 2000). The
contributions of the present paper to this field of research are new statistical
procedures for the detection of changes in the jump behaviour of an It6 semi-
martingale. In contrast to the existing works Biicher et al. (2017) and Hoffmann
et al. (2017) this paper introduces methods of inference on the jump behaviour
of the underlying process in general, while in the previously mentioned refer-
ences the authors restrict the analysis to jumps which exceed a minimum size
e>0.

Throughout this work we assume that we have high-frequency data X;a, (i =
0,1,...,n) with A, — 0, where the process (X;);cr, is an Ito semimartingale
with the following decomposition

t
X, = X0+/ by ds—|—/ os dWs —|—/ /ul{‘u|<1}(u R)(ds, du)

/ /ul{‘u|>1}u du dz)

Here W is a standard Brownian motion and p is a Poisson random measure
on RT x R with predictable compensator ji satisfying ji(ds,du) = ds vg(du).
Our approach is completely non-parametric, that is we only impose structural
assumptions on the characteristic triplet (bs,os,vs) of (X)ier,. The crucial
quantity here is the transition kernel vy which controls the number and the size
of the jumps around time s € R;. Our aim is to test the null hypothesis

Hy : vs(dz) = vp(dz)

against various alternatives involving the non-constancy of v. In particular, the
detection of abrupt changes in a stochastic feature has been discussed extensively
in the literature (see Aue and Horvéth, 2013 and Jandhyala et al., 2013 for an
overview in a time series context). The first part of this paper belongs to this
area of research and introduces tests for Hy versus alternatives of an abrupt
change of the form

H§‘”’> v(d2) = Tis< (noo) Ay V1(2) + Liss (noy A,y v2(d2),

for some unknown 6y € (0,1) and two distinct Lévy measures vy # vo. Similar
to the classical setup of detecting changes in the mean of a time series it is only
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possible to define the change point relative to the length of the data set which in
our case is the time horizon nA,,. However, for inference on the jump behaviour
the time horizon has to tend to infinity (nA,, — o0) since there are only finitely
many jumps of a certain size on every compact interval. Furthermore, we also
discuss how to estimate the unknown change point 6, if the alternative H{"”
is true.

A more difficult problem is the detection of gradual (smooth, continuous)
changes in a stochastic feature. As a consequence, the setup in most papers on
this topic is restricted to non-parametric location or parametric models with
independently distributed observations (see e.g. Bissell, 1984, Gan, 1991, Sieg-
mund and Zhang, 1994, Huskova, 1999, Huskova and Steinebach, 2002 and
Mallik et al., 2013). Gradual changes in a time series context are for instance
discussed in Aue and Steinebach (2002) and Vogt and Dette (2015). In the sec-
ond part of this paper we contribute to this development by introducing new
procedures for gradual changes in the kernel vy, where we basically test Hy
against the general alternative

Hﬁgm) : vs(dz) is not Lebesgue-almost everywhere constant in s € [0,nA,].

Moreover, we introduce an estimator for the first time point where the jump
behaviour deviates from the null hypothesis.

The remaining paper is organized as follows: In Section 2 we give the basic
assumptions on the characteristics of the underlying process and the observation
scheme. Section 3 introduces test and estimation procedures for abrupt changes
in the jump behaviour in general by using CUSUM processes. In Section 4 we
discuss how to detect and estimate gradual changes in the entire jump behaviour.
Section 5 contains an extensive simulation study investigating the finite-sample
performance of the new procedures. Finally, all proofs are relegated to Section
6 and the technical appendices A-E.

2. The basic assumptions

In order to accommodate both abrupt and gradual changes in our approach we
follow Hoffmann et al. (2017) and assume that there is a driving law behind
the evolution of the jump behaviour in time which is common for all n € N.
That is we assume that at step n € N we observe an It6 semimartingale X ™
with characteristics (b{, (™, v{™) at the equidistant time points ¢A,, with i =

0,1,...,n which satisfies the following rescaling assumption
()(dz) = g~ dz) 2.1
A (d2) = (5 (21)

for a transition kernel g(y,dz) from ([0,1],B([0,1])) into (R,B), where here
and below B(A) denotes the trace o-algebra on A C R of the Borel o-algebra
B of R. In order to detect changes in the jump behaviour of the underlying
Ito semimartingale in general, we have to draw inference on the kernel g(y, B)
for sets B € B containing the origin. However, g has locally the properties of
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a Lévy measure. Thus, if we deviate from the (simple) case of finite activity
jumps the total mass of g on every neighbourhood of the origin is infinite and
we cannot estimate g(y, -) on sets containing 0 directly. We address this problem
by weighting the kernel g according to an auxiliary function, precisely for change
point detection we consider

0 t
N, (g:0.t) := / / p(2)(y. d=)dy, (2.2)

for (0,t) € [0,1] x R, where p is chosen appropriately such that the integral
is always defined. Under weak conditions on p, this so-called Lévy distribution
function N, determines the entire kernel g and therefore the evolution of the
jump behaviour in time. The natural approach to draw inference on N, is the
following sequential generalization of an estimator in Nickl et al. (2016)

[nf]
T (n 1 ny(n ny(n
=1
for (6,t) € [0,1] x R, where APX™ = X[V — X((z’,‘il)An. Using a spectral

approach similar to Nickl and Reifl (2012) these authors prove weak convergence
of vnA, (N;)”)(l, t)—N,(g;1,t)) in £°(R) to a tight Gaussian process, but only
for Lévy processes without a diffusion component, i.e. in particular for constant
9(y,-) = v(-). The main difficulty in generalizing this result is the superposition
of small jumps with the roughly fluctuating Brownian component of the process.
We solve this problem by using a truncation approach which has originally
been used by Mancini (2009) to cut off jumps in order to draw inference on
integrated volatility. More precisely, we follow Hoffmann and Vetter (2017) and
identify jumps by inverting the truncation technique of Mancini (2009), i.e. all
test statistics and estimators investigated below are functionals of the sequential
truncated empirical Lévy distribution function

[n6]
AP XN o (AP X g ar x50,y (23)

=1

1
(n) —
NI (0.8) = —

((0,t) € [0,1] x R) for some suitable null sequence v,, — 0.

As a further improvement to previous studies we analyse the asymptotic
behaviour of our tests under local alternatives. That is, in the rescaling assump-
tion (2.1) we let g = g™ depend on n € N, where there exist transition kernels
9o, g1, g2 satisfying some additional regularity assumptions such that for each
y € [0,1]

1
9™ (y, dz) = go(y, dz) + \/H—Tnm(y, dz) + Ry (y,dz) (2.4)

and for each y € [0,1], B € B and n € N the remainder kernel R,, satisfies

Rn(ya B) S ang2(y7 B)
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for a sequence a,, = o((nA,)~'/?) of non-negative real numbers. For constant
90(y, ) = vo(-) assumption (2.4) is exactly the local alternative where the jump
behaviour converges to the null hypothesis go(y,:) = vo(+) from the direction
defined by g1 at rate (nAn)_1/2. In this sense, Theorem 6.3, in which we prove
weak convergence of the stochastic process

G (01) = VrAn (N[ (0,1) = Ny(9™;0,)), (6,8) € [0,1] x R

to a tight Gaussian process in £°°([0, 1] X R), is a generalization of the results in
Hoffmann and Vetter (2017) to sequential processes for time dependent variable
jump behaviour as in (2.4).

Critical values for the test procedures introduced below and the optimal
choice of a regularization parameter of the new estimator for gradual change
points are obtained by a multiplier bootstrap approach. Precisely, Theorem
6.4, in which we prove conditional weak convergence in a suitable sense of the
bootstrapped version

Lnf]

1
Z&P (ArPXMN) L g (ArX ™ )ﬂ{myx<n>|>vn},
=1

V n

((0,t) € [0,1] x R) of G§” to a Gaussian process, where (&;)ien is a sequence of
i.i.d. multipliers with mean 0 and variance 1, complements the paper Hoffmann
and Vetter (2017).

For the rescaling assumptions (2.1) and (2.4) we consider transition kernels
9i(y, dz) of the set G(8,p) depending on parameters § € (0,2),p > 0. In order
to define this set we denote by A the one-dimensional Lebesgue measure defined
on the Lebesgue o-algebra £1 of R and we denote by A; the restriction of A\ to
the trace o-algebra [0,1] N L;.

G,

Definition 2.1. For 8 € (0,2) and p > 0 the set G(3,p) consists of all transition
kernels g(y,dz) from ([0,1],B([0,1])) into (R,B), such that for each y € [0,1]
the measure g(y,dz) has a Lebesgue density hy(z) and there exist n,M > 0 as
well as a Lebesgue null set L € [0,1] N L1 such that the following items are
satisfied:

(1) hy(z) < K|z|~OF5) holds for all z € (—n,n), y € [0,1]\ L and for some
K > 0.

(2) Forn € N let C,, :== {z € R | L <|2| < n}. Then for each n € N there
exists a K,, > 0 with hy(z) < K, for each z € Cy, and all y € [0,1]\ L.

(3) hy(z) < K|z|~@PV2D=¢ whenever |2| > M and y € [0, 1]\ L, for some K >0
and some € > 0.

The items above basically say that the densities h, are bounded by a con-
tinuous Lévy density of a Lévy measure which behaves near zero like the one of
a f(-stable process, whereas this density has to decay sufficiently fast at infin-
ity. Such conditions are well-known in the literature and often used in similar
works on high-frequency statistics; see e.g. Ait-Sahalia and Jacod (2009a) or
Aft-Sahalia and Jacod (2010). From Assumption 6.1 and Proposition 6.2 in
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Section 6 it can be seen that it is even possible to work with a wider class of
transition kernels g(y, dz) which does not require Lebesgue densities. Neverthe-
less, we stick to the set G(3, p) defined above which is much simpler to interpret.
The following example shows that alternatives of abrupt changes in the jump
behaviour can be described by transition kernels in the set G(8, p).

Example 2.2 (Abrupt changes). In Section 3 we introduce statistical procedures
for inference of abrupt changes in the jump behaviour. In this case the kernel
go is typically of the form as discussed below. For 8 € (0,2) and p > 0 let
M(B,p) be the set of all Lévy measures v such that the constant transition
kernel g(y,dz) = v(dz) belongs to G(5,p).

Let 0y € (0,1] and let v1,v, € M(B,p) be two Lévy measures. Then the
transition kernel go given by

v1(dz), fory €10,00]

va(dz), fory € (6o, 1] (2:5)

9o(y,dz) = {

is an element of G(B,p). In the context of change-point tests 8y = 1 corresponds
to the null hypothesis of no change in the jump behaviour, whereas (2.5) describes
an abrupt change for 6y € (0,1) and vy # vs.

The variance gamma process is a common model for the log stock price in
finance (see for instance Madan et al. (1998)). Moreover, the Lévy measure of a
variance gamma process has the form v(dz) = (a2 e "% —ayz~te™b2%) dz for
ay,az,by,be > 0. Thus, the transition kernel go(y, dz) belongs to G(5,p) for all
B € (0,2) and p > 0, if similar as in (2.5) go is piecewise constant in y € [0, 1]
and on the domains of constancy it is equal to the Lévy measure of a variance
gamima, process.

For the asymptotic statements in this paper we require the following as-
sumptions. Our results are also correct under less restrictive but more technical
conditions. For the sake of a transparent presentation these are not presented

here but deferred to Section 6.1.

Assumption 2.3. Let 0 < f <2 and 0 <7 < (1/5A %) Furthermore, let
p>B+(E+328)vV 1—1-%) At step n € N we observe an Ito semimartingale
X adapted to the filtration of some filtered probability space (2, F, (Ft)ter, ,P)
with characteristics (b, (M, v\ at the equidistant time points {iA, | i =
0,1,...,n} such that the following items are satisfied:

(a) Assumptions on the jump characteristic and the function p:
(1) For eachn € N and s € [0,nA,] we have

s
v (dz) = g™ (nA dz), (2.6)

n
where there exist transition kernels go, g1, g2 € G(8,p) such that for each
y €10,1]

00 d2) = 90(00) + —mgn (00 + Rulydz) (27
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and for each y € [0,1], B € B and n € N the kernel R, satisfies
Ra(:B) < anga(y, B) for a sequence an = o((nAn)~Y2) of non-
negative real numbers.

(2) p: R — R is a bounded C!-function with p(0) = 0 and its derivative
satisfies |p'(2)| < K|z|P~! for all 2 € R and some constant K > 0.

(8) p(z) #0 for each z # 0.

(4) For every t € R there exists a finite set My C [0,1], such that the
function

Yo / p(2)g0 (v d2)

is continuous on [0,1] \ M.

(b) Assumptions on the truncation sequence v, and the observation scheme:
The truncation sequence v, satisfies v, = YAY, with w = (1 + 57)/4 and
some v > 0. Define further t; := (1+ 7)1 and ty := (77 +1)/2)"1 A1
(note that 0 < t; < ty < 1) and we suppose that the observation scheme
satisfies for some § > 0

A, =o(n ) and n7T =o(A,).
(c) Assumptions on the drift and the diffusion coefficient:

For mp = % <4 and my, = 61t150: we have

sup sup {]E}bg")’mb \/E|J£")|m”} < 00.

neNseR 4
Remark 2.4. Suppose we have complete knowledge of the distribution function
N,(go;6,t). Obviously, the measure with density M (dy, dz) := p(2)go(y, dz)dy is
completely determined from knowledge of the entire function N,(go;-,-) and does
not charge [0,1] x {0}. Therefore, due to Assumption 2.3(a3) 1/p(2)M (dy,dz) =
9o0(y, dz)dy and consequently the jump behaviour corresponding to go is known
as well. Furthermore, Assumption 2.3(ad) ensures that a characteristic quantity
for a gradual change, which we introduce in Section /4 is zero if and only if the
jump behaviour corresponding to go is constant in time. All convergence results
in this paper also hold without Assumption 2.3(a3) and (ad). Moreover, the

function
A(z) = 0, if x =0,
e~ Vlzl if |x| > 0,

1s suitable for any choice of the constants 8 and 7. In practice, however, one
would like to work with a polynomial decay at zero, in which case the condition
on p comes into play. Here, the smaller the parameter 3, the smaller p can be
chosen. For example, for 8 < 3/5 and T > 3/35 even a choice p < 2 is possible.

Furthermore, it 1s also important to choose the observation scheme suitably.
Obviously, we have A, — 0 and nA, — oo because of 0 < t; < ta < 1, and
a typical choice is A, = O(n™Y) and n=Y = O(A,,) for some 0 < t; < y <
to < 1. Finally, Assumption 2.3(c) requires only a bound on the moments of the
remaining characteristics and is therefore extremely mild.
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In the remaining part of this section we illustrate an example of a kernel
go € G(B,p) for some suitable §,p and a function p satisfying Assumption
2.3(a2) and (a3).

Example 2.5 (Gradual changes). In Section 4, which is dedicated to inference
of gradual changes, we basically test against the general alternative that the jump
behaviour is non-constant. In the following we introduce an example of a kernel
go which can be used to describe a gradual change in the jump behaviour and a
corresponding function p satisfying Assumption 2.3(a2) and (a3). To this end,
for L>0,p>1let

2|z|P, for|z| <1
pLp(2) ==L x < 4p|z| — pz® + 2 — 3p, for1<|z| <2 (2.8)
2+p, for |z = 2

and for 0 < 8 < 2, p>1 consider the Lévy density
hop(2) = 121 L ocrcay + Ligiaicoy + 21 Pz

Furthermore, for 0 < 8 <2 and p > 1V 3 let A:[0,1] — (0,00), B :[0,1] —
(0,8] and p:10,1] — [2p + €,00) for some € > 0 be Borel measurable functions
such that A is bounded. Then, the kernel

90(y, dz) = A(Y)hsy) p) (2)dz,  y €10,1] (2.9)

belongs to Q(B,ﬁ) and for arbitrary L > 0 the function pr » satisfies Assumption
2.3(a2) and (a3).

3. Statistical inference for abrupt changes

In this section we deduce test and estimation procedures for abrupt changes
in the jump behaviour of the underlying process, that is we investigate the
situation of Example 2.2. To this end, we test the null hypothesis of no change
in the jump behaviour

Hy: Assumption 2.3 is satisfied for g = g2 = 0 and there exists a Lévy measure
vo such that go(y, dz) = vp(dz) for Lebesgue almost every y € [0, 1].

against the alternative that the jump behaviour is constant on two intervals

H;: Assumption 2.3 is satisfied for g; = go = 0 and there exists some 6, € (0, 1)
and two Lévy measures 11 # v, such that go has the form (2.5).

The corresponding alternative for fixed ¢y € R is given by:
ng’t"): We have the situation from Hy, but with N,(v1;to) # N,(v2;t0), where
¢
Nwit) = [ plawld) (3.1)

for a Lévy measure v.
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Moreover, we investigate the behaviour of the tests introduced in this section
under local alternatives which tend to the null hypothesis as n — oo:

Hgloc): Assumption 2.3 is satisfied with go(y,dz) = wo(dz) for Lebesgue-a.e.
y € [0,1] for some Lévy measure vy and with some transition kernels

91,92 € g(ﬁap)

3.1. Weak convergence of test statistics

Following Inoue (2001) a suitable approach to introduce tests for the hypotheses
above is to investigate the convergence behaviour of the CUSUM process

T()(9,1) = \/nA,, (N,g"> (0,t) — 6] Np(”)(l,t)), (3.2)

n
with N (0,t) defined in (2.3). The corresponding test rejects the null hypoth-
esis Hy for large values of the Kolmogorov-Smirnov-type statistic

T,E") = sup |']T(p”) (6,1)].
(6,t)€[0,1] xR

The theorem below establishes functional weak convergence of Tj" in the general
case of local alternatives.

Theorem 3.1. Under Hﬁl“) the process '[F(pn) converges weakly in £°([0, 1] x R)
to the process T, 4+ T, 4,, where the tight mean zero Gaussian process T, has
the covariance structure

B(T (00, 0T, (02, 12)) = {02 102) 016} [ () (339

and the deterministic function T, 4, € £>°([0,1] X R) is given by
T,U,gl(97t) :Np(glvavt) _aNp(gl;lvt)v (34)

where N,(g1;-,-) is defined in (2.2).

As an immediate consequence of the previous result and the continuous map-
ping theorem we obtain weak convergence of the statistic Tf(j”.

)

Corollary 3.2. Suppose H§l“ is true, then we have

T s T

P pg1 T sup ‘TP(Hv t) + Tﬂagl (97 t)

(6,t)€[0,1] xR

; (3.5)

in (R,B) with T, + T, 4, the limit process in Theorem 3.1.

In applications the Lévy measure vy which describes the limiting jump be-
haviour of the underlying process is usually unknown. If one is only interested
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in the detection of changes in the distribution function N,(vo;to) for a fixed
to € R, the processes

TS (6, t)

——1 ;
/NI()TZL)(LtO) {sz (1,t0)>0}

converge weakly to a shifted version of a pivotal limit process.

Vi (0) = 0c 0]

Proposition 3.3. Under Hgloc) for each fized ty € R with N,2(1p;tg) > 0 we

have Vi~ K + V;"i; in £>°([0,1]), where K denotes a standard Brownian
bridge and with the deterministic function
TP791 (97 tO)

V/Np2 (o3 to)

where N2 (vo;-) is defined in (3.1). In particular,

V(Ql)(e) =

psto

€ £=([0,1]),

v = sup ’V(n) (0)] ~ V("Zé) = sup |K(0) +V£‘?§O)(9)‘. (3.6)
0e[0,1] 0€[0,1]

Quantiles of functionals of the limit process T, + T, 4, in Theorem 3.1 are
not easily accessible since the distribution of such functionals usually depends
in a complicated way on the unknown quantities vy and g; in the jump charac-
teristic of the underlying process. In order to obtain reasonable approximations
for these quantiles we use a multiplier bootstrap approach. That is, in the fol-
lowing we consider bootstrapped processes, Y, = lA/n(Xl7 e Xy &y 6n),
which depend on random variables X7, ..., X,, defined on a probability space
(Qx, Fx,Px) and on random weights &1, ..., &, which are defined on a distinct
probability space (¢, F¢, P¢). Thus, the processes Y, live on the product space
(Q,AP) = (Qx,Ax,Px) ® (Q¢, A¢, P¢). Below we use the notion of weak con-
vergence conditional on the sequence (X;);en in probability. It can be found in
Kosorok (2008) on pp. 19-20.

Definition 3.4. Let Y, = f’n(Xl, e Xk, 060 (Q,AP) — D be a ran-
dom element taking values in some metric space D depending on some random
variables X1, ..., X, and some random weights &1, ...,&,. Moreover, letY be a
tight, Borel measurable random variable into D. Then Y, converges weakly to'Y
conditional on the data X1, Xo, ... in probability, if and only if
(a) sup [E¢f(Ya) —Ef(Y)| =0,

fE€BL1 (D)
(b) Ecf(Yo)* — Eef(YVn)« — 0 for all f € BL1(D).

Here, E¢ denotes the conditional expectation over the weights & given the data
X1,...,X,, whereas BLy (D) is the space of all real-valued Lipschitz continuous
functions f on D with sup-norm ||f||p < 1 and Lipschitz constant 1. Here and
below we denote the sup-norm of a real valued function f on a set M by ||f|las-
Furthermore, in item (b) f(Y,)* and f(Yy)s denote a minimal measurable ma-
jorant and a maximal measurable minorant with respect to the joint probability
space (2, A, P). The type of convergence defined above is denoted by Y, ~e Y
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Remark 3.5.

(i) Throughout this work all expressions f(Yn), with a bootstrapped statistic
Y, and a Lipschitz continuous function f, are measurable functions of
the random weights. To this end we do not use a measurable majorant or
minorant in item (a) in the definition above.

(i) The implication “(ii) = (i)” in the proof of Theorem 2.9.6 in Van der
Vaart and Wellner (1996) shows that conditional weak convergence ~¢
implies unconditional weak convergence ~ with respect to the product mea-
sure P.

For the results on conditional weak convergence of the bootstrapped processes
below we require a rather mild additional assumption on the sequence of mul-
tipliers, which is satisfied for many common distributions such as for instance
the Gaussian, the Poisson or the Binomial distribution.

Assumption 3.6. The sequence (§;):en 1s defined on a distinct probability space
than the one generating the data {X;g)n |i=0,1,...,n} as described above, is
i.9.d. with mean zero, variance one and there exists an M > 0 such that for each
integer m > 2 we have

E|¢ ™ < mIM™.

Reasonable bootstrap counterparts ']AI‘;)"') of the processes T{" are given by

'f[‘,(gn)(&t) = ']AI‘(pn)(X(AﬁL)7...,Xr(lrgn;fl,...,fn;e,t) =
[nf]
nd| n— [nd 1 nw(n
] I J[LnQJA ijP(AjX( ))x
J

]

ni\, L
n n

X Loy (A?X("))]l{m;X(n)|>vn}
1 & "
S TTaTE, 2 GPATX O (ATX sy x|
" j=1no)+1
(3.7)

In the following theorem we establish conditional weak convergence of Tg"
under the general assumptions of Section 2.

Theorem 3.7. Let Assumption 2.3 be valid and let the multipliers (&) en sat-
isfy Assumption 3.6. Then we have

Tfan) e Ty

in £°([0,1] xR), where T, is a tight mean zero Gaussian process in £>°([0, 1] xR)
with covariance function

E{T,(61,11)T (62, 22)} (38)
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01 1N\02 t1A\t2 0> t1 Aty
/ / 2)go(y, dz)dy — 91/ / 2)g0(y, dz)dy
01 t1At2 t1At2
- 92/ / 2)go(y, dz dy+9192/ / 2)go(y, dz)dy.

Remark 3.8. The aim of our bootstrap procedure is to mimic the convergence
behaviour of '[F(pm. The covariance function of the limiting process in Theorem
3.7 differs from (3.3), because Theorem 3.7 holds under the general conditions
introduced in Assumption 2.3, i.e. for an arbitrary kernel go € G(8,p). Under
the null hypothesis Hy, where we have go(+,dz) = vo(dz), the covariance function
(3.8) coincides with (3.3).

The limit distribution of the Kolmogorov-Smirnov-type test statistic Tf()”” in
Corollary 3.2 can be approximated under Hy by the bootstrap statistics in the
following corollary, which is an immediate consequence of Proposition 10.7 in
Kosorok (2008).

Corollary 3.9. If Assumption 2.3 and Assumption 3.6 are satisfied, we have

T .= sup |T(p”)(0,t)| we Tpi= sup  |T,(6,1)],
(0,t)€[0,1] xR (6,t)€[0,1] xR

with T, the limit process in Theorem 3.7.

3.2. Test procedures for abrupt changes

The weak convergence results of the previous section make it possible to define
test procedures for abrupt changes in the jump behaviour of the underlying
process based on Lévy distribution functions of type (2.2). In the following let
B € N be some large number and let (§*)p=1,.... g be independent vectors of i.i.d.
random variables £ = (£”);=1,.» with mean zero and variance one, which

satisfy Assumption 3.6. With T )(b and T( )(,,) we denote the corresponding
bootstrapped quantity calculateé with respect to the data and the b-th multi-
plier sequence £®. For a given level a € (0,1), we propose to reject Hy in favor
of Hl, if

T > 42 (110, (39)

where ¢{”’_( T;™) denotes the (1 — a)-sample quantile of T:j;)(l) yeon T( (B Sim-
ilarly, for to € R, Hy is rejected in favor of H{"*  if

W) = sup 100, t0)] > 17, (W), (3.10)
ee[o 1]
where ¢ (W5"'°’) denotes the (1 — a)-sample quantile of W;”;’fﬂ), e W;g{g;,

and where W<"(b°)) I= SUPgeio,1] |’]I‘p o (0,t0)| for b = 1,..., B. Furthermore,



3666 M. Hoffmann and H. Dette

according to Proposition 3.3 we define an exact test procedure, that is Hy is
rejected in favor of the point-wise alternative H(l" ) f

vy > als,, (3.11)

where ¢, is the (1 — a)-quantile of the Kolmogorov-Smirnov-distribution,
that is the distribution of the supremum of a standard Brownian bridge K =
SUPge0,1] [K(6)]-

The following results show the behaviour of the previously introduced tests
under the null hypothesis, local alternatives and the alternatives of an abrupt
change. In particular, these tests are consistent asymptotic level a tests. First,
recall the tight centered Gaussian process T, in £>°([0,1] x R) with covariance
function (3.3), let L, : (R,B) — (R,B) be the distribution function of the supre-
mum variable supg 4 cjo,1)xr |Tp(0, )| and let L5 be the distribution function
of supgeo 1] |Tp (0, )| Furthermore, recall the random variable

Tpagl = sup |TP(9’ t) + Tﬂ,gl (9, t) |7
(0,t)€[0,1] xR

defined in (3.5) with the deterministic function

Tpg.(0,t) = Np(9130,t) — ON,p(g1; L, 1),
defined in (3.4) and let

T/ngl) = sup |Tp(9,to) + T, 4 (G,to)’.
0€[0,1]

Then the results on consistency of the tests are as follows.

Proposition 3.10. Under Hgloc) with vy # 0

P(L,(Tp4,) > 1— ) <liminf lim P(T

(
B—oo n—oo P

> g2 (M)

<limsup lim P(T > ¢%) (T(M)) < P(L,(T)e) >1—a) (3.12)

B—oo M ’
holds for each o € (0,1) and additionally if N2 (vg,t0) > 0 then for alla € (0,1)
we have

P(V5) > all,) < liminf (V%) > ¢f,) (3.13)

<limsup PV > ¢ ) <P(V9) > ¢ ),

p,to p,to
n—oo

with V% and V(gl) defined in (3.6), as well as

psto

P(LY(T45)) > 1~ o) <liminf lim P(W ™) > @) (winto)y)

P P;g1 Booo n—soo

< limsup lim P(Wé"’to) > QEL (Wp("’t‘)))) < IP(LEfO)(

B—oo N—00

7)) > 1—a). (3.14)
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Remark 3.11. According to Corollary 1.8 and Remark 4.1 in Gaenssler et al.
(2007) the distribution function L, is continuous on R and strictly increasing
on Ry. Thus, (3.12) basically states that under the local alternative for large
B,n € N the probability that the test (3.9) rejects the null hypothesis is approz-
imately equal to the probability that the supremum of the shifted version T), 4
exceeds the (1 — a)-quantile of the non-shifted version T, . An analysis of the
latter probability, which is beyond the scope of this paper, then shows in which
direction, i.e. for which g1, it is harder to distinguish the null hypothesis from
the alternative. The assertions (3.13) and (3.14) can be interpreted in the same
way.

Corollary 3.12. Under Hy the tests (3.9), (3.10) and (3.11) have asymptotic
level a, that is if v # 0 we have for each « € (0,1)

lim lim P(T(" > ¢{") (T()) = a (3.15)

B—o00n—o00

and furthermore

lim P(V\}) > ¢ ,) =a, lim lim P(W) > g% (wimo))) = a,

n— 00 pito B—00 n—00 -
(3.16)

holds for all a € (0,1), if N2(vp;to) > 0.

Proposition 3.13. The tests (3.9), (3.10) and (3.11) are consistent in the
following sense: Under Hy, for all a € (0,1) and all B € N, we have

lim P(T(" > ¢{”) (1)) = 1.

n— oo

Under H*, we have for all o € (0,1) and all B € N,

lim P(V3) > gl ) =1 and  lim P(Wm) > g% (wimt))) = 1.

n—o0 pito n—00 1—a

3.3. Argmax-estimators

If one of the aforementioned tests rejects the null hypothesis in favor of an
abrupt alternative the natural question arises of how to estimate the unknown
break point 6y. A typical approach in change-point analysis to this estimation
problem is the so-called argmax-estimator, that is we basically take the argmax
of the function 0 +— sup,cp [T5”(0,%)| as an estimate for fy. Consistency of our
estimators follows with the argmax continuous mapping theorem of Kim and
Pollard (1990) using the following auxiliary result.

Proposition 3.14. Under Hy, the random function (6,t) — (nA,)~*/*T((0,t)
converges in £°°([0,1] X R) to the function

o )01 = 00){Ny(v1;t) — Ny(vast)},  if 0 < 6
0= {90(1 — 0N (5t) — Nyomit)}, 076> by

in outer probability, where N,(v;-) is defined in (3.1).
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For the test problem Hy versus H; we consider the estimator

52") I= arg maxgc(g, 1] ilelﬂg ‘T/()")(G, t)’ (3.17)
and in the setup Hg versus ng o) 5 suitable estimator for the change point is
given by

Hf()z)o = argmaxge(o ] |']I‘£)") (9,t0)|.

The following proposition establishes consistency of these estimators.

Proposition 3.15. Under Hy we have é;]” =0y + op(1) for n — oo and if the

special case H' is true we obtain 6) = 6y + op(1).

psto
Remark 3.16. For the sake of convenience we have focused on the case of one
single break. The results on the tests in Section 3.2 also hold for alternatives with
finitely many abrupt changes. Moreover, the estimation methods depicted above
can easily be extended to detect multiple change points by a standard binary
segmentation algorithm dating back to Vostrikova (1981). We illustrate this in
Section 5.2, where a real data example is discussed.

4. Statistical inference for gradual changes

As a generalization of Proposition 3.14 one can show that (nA,)~*/*T("(6,1)
converges in ¢>°([0,1] x R) in outer probability to the function T, 4, defined
in (3.4) whenever Assumption 2.3 is satisfied. Thus, under some regularity
conditions, argmaxge(o,1)|T}”(0,1)| is a consistent estimator of argmaxge(o 1)
IT,.q0(8,t)|. However, if the jump behaviour changes gradually at 6y, the func-
tion 6 — |T, 4,(0,t)| is usually maximal at a point 6; > 6y. As a consequence
the argmax-estimators investigated in Section 3.3 usually overestimate a change
point, if the change is not abrupt. Therefore, in this section we introduce test
and estimation procedures which are tailored for gradual changes in the entire
jump behaviour.

4.1. A measure of time variation for the entire jump behaviour

If the jump behaviour is given by (2.1) for some suitable transition kernel g = g
from ([0, 1], B([0, 1])) into (R,B), we follow Vogt and Dette (2015) and base our
analysis of gradual changes on the quantity

DY) (¢, 0,t) == Ny(go: ¢, 1) — ng(go;e,tL (¢,0,t) e C xR (4.1)
with
C={(G0) 0,1 (<0} (42)

and where N,(go; -, -) is defined in (2.2). Here and throughout this paper we use

the convention % := 1. We will address Dy° as the measure of time variation



Inference on jumps of arbitrary size 3669

(with respect to p) of the entire jump behaviour of the underlying process,
because the following lemma shows that D’ indicates whether there is a change
in the jump behaviour.

Lemma 4.1. Let 0 € [0,1]. Then D5 ((,0,t) =0 for all0 < ¢ <0 andt € R if
and only if the kernel go(-,dz) is Lebesque almost everywhere constant on [0, 0).

According to the preceding lemma there exists a (gradual) change in the
jump behaviour given by gq if and only if

sup 752‘70)(9) > 0,
0€[0,1]

where 75,()90)(9) := SUP SUPp<c<p |D,(,g°) (¢,0,1)|. As a consequence, the first point
teR ==

of a change in the jump behaviour is given by
0y := inf {9 € [0,1] | D) (9) > 0} , (4.3)

where we set inf @ := 1. We call 6y the change point of the jump behaviour of
the underlying process. Notice that by the discussion after (4.2) the definition
in (4.3) is independent of p. In Section 4.3 we construct an estimator for 6y,
where we only consider the quantity

Df()go)(ﬁ) ‘=sup sup |Dl()9°)(g,0',t)|, (4.4)
teR 0<(<6/<0

instead of D5 On the one hand the monotonicity of DY°’ simplifies our entire
presentation and on the other hand the first time point where DLQO) deviates from
0 is also given by 6, so it is equivalent to consider Dg"") instead. Our analysis
of gradual changes is based on a consistent estimator D{ of Dy which we
construct in Section 4.2. Before that we illustrate the quantities introduced in
(4.3) and (4.4) in the situations of Example 2.2 and Example 2.5.

Example 4.2. Recall the situation of an abrupt change as in Ezxample 2.2.
Precisely, let 8 € (0,2), p > 0 and v1,v2 € M(B,p) with vy # vs such that for
some Oy € (0,1) the transition kernel go has the form

v1(dz), fory € [0,00],

ve(dz), fory € (0y,1]. (4.5)

go(y,dz) = {

Obuviously, for some function p : R — R such that Assumption 2.5(a2) and (a3)
are satisfied we have DY (C,0',t) = 0 for each (¢,0',t) € C x R with §' < 6
and consequently D5 (0) = 0 for each 6 < 0y. On the other hand, if 6y < 6’ < 1
and ¢ < 0y we have

DG 0'18) = CN,w15t) — 5 (BoNy(on5) + (0" = 89) N, (v3:))

- 0~ ) (1)
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with N,(v;t) defined in (3.1) and we obtain

to
sup sup | DY) (¢, 0", 1) = VPO, (1 — =2),
teDIQ)CSg)| GO = V(1= )

where Vi = supeg |[Ny(v15t) — Ny(va;t)] > 0, because of v1 # vo and the
assumptions on p. For 6y < ( < 0" a similar calculation yields

¢

D{O((,0',t) = Op(Ny(vas t) — No(ii 1) (5 = 1)
which gives
0
sup sup D,()"O)(C,G’,tﬂ =Vybo(1— 9—?)
teR 0o <C<LO’

Therefore, it follows that the quantity defined in (4.3) is given by 0, because for
0 > 0y we have

Dggo)(ﬁ) = sup max{sup sup |D29°)(C,9',t)|, sup sup |D£9°)(§,9’,t)|}
00<0'<6 teR ¢<0o tER Go< (<0’

=Vy0o(1 - %0). (4.6)

Example 4.3. Recall the situation of Example 2.5. Let the transition kernel go

be of the form (2.9) such that there exist 8y € (0,1), Ag € (0,00), By € (0, 0]
and pg € [2p + €,00) for some £ > 0 with

Aly) = Ao, Bly) =50 and p(y)=po (4.7)

for eachy € [0,00]. Additionally, let 6y be contained in an open interval U with a
real analytic function A : U — (0,00) and affine linear functions B : U — (O,B],
p: U — [2p+¢e,00) such that at least one of the functions A, B and p is
non-constant and

Aly) = A(y), Bly)=By), aswellas  ply) =p(y) (4.8)
for ally € [0, 1) NU. Then the quantity defined in (4.3) is given by 6.

4.2. The empirical measure of time variation and its convergence
behaviour

Suppose we have established that N{”(-,-) is a consistent estimator for
N,(go;-,-). Then with the set C defined in (4.2) it is reasonable to consider

DIV 0,0) = N{O(GH) — eNP0,0), (61 eCxR,  (49)

as an estimate for the measure of time variation of the entire jump behaviour
Dy® defined in (4.1). In the following we want to establish consistency of the
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empirical measure of time variation D{. To be precise, the following two theo-
rems show that the process

HEY(C,0,t) == v/nA, (D¢, 0,1) — DYO(C,0,1)), (4.10)

and its bootstrapped counterpart converge weakly or weakly conditional on the
data in probability, respectively, to a suitable tight mean zero Gaussian process.

Theorem 4.4. If Assumption 2.3 is satisfied, then the process H(" defined in
(4.10) converges weakly, that is HG ~ H, + Dy in £2°(C x R), where H, is
a tight mean zero Gaussian process with covariance function

Cov o(Ci,01,t1), H (C2,927t2))

41/\C2 t1At2 CaNb1 t1Ato
/ / 2)g0(ys d=)dy — & / / )90y, d=)dy

C1NO2 t1Ato <1<2 01N> t1NAta
/ / z)go(y, dz)dy + m/ / 2)go(y, dz)dy.
(4.11)

For the statistical change-point inference proposed in the following sections
we require quantiles of functionals of the limiting distribution in Theorem 4.4.
(4.11) shows that this distribution depends in a complicated way on the un-
known underlying kernel gy and therefore corresponding quantiles are difficult
to estimate. In order to solve this problem we want to use a multiplier bootstrap
approach similar to Section 3. To this end, we define the following bootstrap
counterpart of the process H{"

FIOV (¢, 0,8) == HO (XY, X0 cer o 60 C,0,8)

[n¢]
1 n n n n
= [ijP(AjX( N (o0, (A X)L An x50,
j=1

vnl,
CLnGJ
Zgjp (Arx 1 Oo,ﬂ(A;lx(m)]l{myxmnwn} . (4.12)

The result below establishes consistency of H:]I;)"’.

Theorem 4.5. Let Assumption 2.5 be valid and let the multiplier sequence
(§i)ien satisfy Assumption 3.6. Then we have H ~¢ H, in £°(C' x R), where
the tight mean zero Gaussian process H, has the covariance structure (4.11).

4.3. Estimating the gradual change point

For the sake of a unique definition of the (gradual) change point 6y in (4.3) we
suppose throughout this section that Assumption 2.3 holds with gy = ¢go = 0.
Recall the definition

D) (0) =sup sup  |DE(C, 0, 1)]
teR 0<¢<0'<0



3672 M. Hoffmann and H. Dette

n (4.4), then by Theorem 4.4 the process D( (¢, 0,t) from (4.9) is a consistent
estimator of DY°’(¢, 6, t). Therefore, we set

DY (0) == sup  sup DIV, 6,0,
teR 0<¢<0'<0

and an application of the continuous mapping theorem and Theorem 4.4 yields
the following result.

Corollary 4.6. If Assumption 2.3 is satisfied with g1 = go = 0, then (nA,)/?
D,S”E ~ Hp o in €2°([0,60)), where H, . is the tight process in >°([0,1]) defined
by

H,.(0) :=sup sup [H,(C,0.1)],
teR 0<C<O/<0

with the centered Gaussian process H, defined in Theorem 4.4.

Below we obtain that the rate of convergence of an estimator for 6y depends
on the smoothness of the curve  — Dy’ (6) at #y. Thus, we impose a kind of
Taylor expansion of the function D°’. More precisely, we assume throughout
this section that 6y < 1 and that there exist constants ¢,n,w,c > 0 such that
Dy°’ admits an expansion of the form

DY) (9) = (0 — 00) " + R(0) (4.13)
for all 6 € [0o, 6y + ¢], where the remainder term satisfies [N(0)] < K (6 — 90)w+n
for some K > 0. According to Theorem 4.4 we have (nA,)"?DS"(0) — oo
in probability for any 6 € (6, 1]. Consequently, if the deterministic sequence
2, — 00 is chosen appropriately, the statistic

5 0) = 1 a1 /n 0y

should satisfy

P 0, if 8 > 69.

Thus, we define the estimator for the change point by
1
00 =8 en) 1= [ e 0 (4.14)

The theorem below establishes consistency of the estimator éé") under mild
additional assumptions on the sequence (¢, )nen.

Theorem 4.7. If Assumption 2.3 is satisfied with g1 = go = 0, 6y < 1, and
(4.13) holds for some w > 0, then

o5 - =0n(( =) )

for any sequence 3, — oo with », /v/nA, — 0.
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Theorem 4.7 describes how the curvature of Dy’ at 6y determines the con-
vergence behaviour of the estimator: A lower degree of smoothness of Dy in
0y yields a better rate of convergence. However, the estimator depends on the
choice of the threshold level s, and we explain below how to choose this se-
quence with bootstrap methods in order to control the probability of over- and
underestimation. But before that the following theorem investigates the mean
squared error

MSE(s6,) = E[ (65" (0) — 00)°
of the estimator HA,‘)"). Recall the definition of H( in (4.10) and define

H(pﬁz(@) i=sup sup |H(p") ¢, 0,1, 0e€]o,1],
teR 0<(C<0'<0

which is an upper bound for the distance between the estimator D’ () and the
true value Dy (0). For a sequence a,, — oo with a,, = 0(3¢,) we decompose
the MSE into

MSEY (o, ) = B (07 () = 00) T 1oy -

MSES (52, ) = ]E[(égn)(%n) _ 90)21{Hm(1)>%}] <P(HS)(1) > ay,),

which can be considered as the MSE due to small and large estimation error.

Theorem 4.8. Suppose that 6y < 1, (4.13) and Assumption 2.3 with g1 = go =
0 are satisfied. Then for any sequence oy, — 0o with o, = o(s,) we have

2y, )2/w
vni\,
MSEY (5, ) < P(HS (1) > a,),

K1<\/:TLTH)2/W SMSEgp)(%n,an) < KQ(

for n € N sufficiently large, where K1 = (PT‘P)Q/W and Ky = (Hc“’)ww for
some ¢ € (0,1).

In the following we discuss the choice of the regularizing sequence s, for the
estimator 6" in order to control the probability of over- and underestimation of
the change point 6y € (0,1). Let é; be a preliminary consistent estimate of 6.
For example, if (4.13) holds for some @ > 0, one can take 0, = 0" (5,) for a
sequence », — oo satisfying the assumptions of Theorem 4.7. In the sequel, let
B € N be some large number and let (§®),=1 ... p denote independent sequences
of random variables, £® := (f;b)) jen, satisfying Assumption 3.6. We denote by
H;fff) the particular bootstrap statistics calculated with respect to the data and
the bootstrap multipliers £ ... & from the b-th iteration, where

H(0) :=sup  sup  |HV(C, 0, 1)] (4.15)
teR 0<¢<H’<0
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for 6 € [0,1]. With these notations for B,n € N and 0 < 7 < 1 we define the
following empirical distribution function

1
Bi

M=

(p,r) _

1

nf)g)_(y) =inf{z e R | Féf’]’;) (z) >y} its pseudo-inverse.
Then in the sense of the theorems below the optimal choice of the threshold is
given by

and we denote by jo

s (r) == F5 (1 - a), (4.16)

for a confidence level o € (0,1).

Theorem 4.9. Let 0 < a < 1 and assume that Assumption 2.3 is satisfied with
g1 = g2 = 0 and with 0 < 6y < 1 for 0y defined in (4.3). Suppose further that
there exists some to € R with N,2(go;0o,t0) > 0. Then the limiting probability
for underestimation of the change point 6y is bounded by a. Precisely,

lim sup limsupIP’@g") (%fffg))(l)) < 90) <a.

B—oo n—oo

Theorem 4.10. Let Assumption 2.3 be satisfied with g1 = go =0, let0 <r < 1
and for 6y defined in (4.3) let 0 < 69 < 1. Furthermore, suppose that (4.13) holds
for some w,c > 0 and that there exists a ty € R satisfying N,2(go; 0o, t0) > 0.
Additionally, let the bootstrap multipliers be either bounded in absolute value
or standard normal distributed. Then for each K > (1/c)l/w and all sequences
(an)nen C (0,1) with a, — 0 and (Bp)nen C N with B, — oo such that
a2 B, — o0, (nAn)%an — 00, a; 'nALYT — 0 (with T > 0 from Assumption
2.83), we have

lim P(ég,m (5P (1)) > 00 + KgafL) —0, (4.17)

n—oo
where @l = (%,S?‘g;p)(r)/\/nAn)l/w 50, while ﬁgf‘g;p)(r) 5 0.

Theorem 4.10 is meaningless without the statement ¢* = 0. With the addi-
tional parameter r € (0, 1) this assertion can be proved by using the assumptions
(nA,) = a, — 00 and o 'nALYT =5 0 only. However, it seems that for r = 1
the statement ¢ = 0 can only be verified under very restrictive conditions on
the underlying process.

We conclude this section with an example which shows that the expansion
(4.13) and the additional assumption N,2(go;6o,t0) > 0 of the preceding the-
orems are satisfied in the situations of Example 2.2 and Example 2.5. A proof
for this example can be found in Section 6.4.
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Example 4.11.

(1) Recall the situation of an abrupt change considered in Example 4.2. In this
case it follows from (4.6) that
to

P
D (6) = Vgho(1 — ) = V(0 o) — -

whenever 6y < 0 < 1. Consequently, (4.13) is satisfied with w = 1 and
R(0) = —%(6 — 65)2 = O((6 — 60)2) for 6 — 6y. Moreover, if v # 0
and the function p meets Assumption 2.3(a3), the transition kernel given by
(4.5) satisfies the additional assumption N ,2(go;0o,to) > 0 in Theorem 4.9
and Theorem 4.10 for some tg € R.

(2) In the situation discussed in Example 4.3 let

(9 — 90)2 > O,

M) = A0 [ prsha s ()

— 00

fory € U and t € R. Then we have ko := min{k € N | 3t € R: Ny (t) #
0} < oo, where for k € Ng andt € R

8’“N)

Ny (t) = (a—yk

(6o,t)

denotes the k-th partial derivative of N with respect to y at (0o,t), which is
a bounded function on R. Furthermore, there exists a v > 0 such that

Dy, 0) = (ﬁ sup [Ny, (6)]) (6~ 60)* T 4+ 8(6)  (4.18)

on [0o,00 + ¢] with |R(O)] < K(0 — )2 for some K > 0. Obviously,
szL (90;60,to0) > 0 holds for some ty € R.

p
4.4. Testing for a gradual change

In Section 3 we introduced change point tests for the situation of an abrupt
change as in Example 2.2, where the jump behaviour is assumed to be constant
before and after the change point. In this section we illustrate a reasonable way
to derive test procedures for the existence of a gradual change in the data. In
order to formulate suitable hypotheses for a gradual change point recall the
definition of the measure of time variation for the entire jump behaviour D,(f‘))
in (4.1) and define for ¢y € R and 6 € [0, 1] the quantities

D)= sup s D00
teR 0<¢<0'<0

DY) := sup |DY((, 0, to)-
0<¢<0'<0

We test the null hypothesis
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Hy: Assumption 2.3 is satisfied with g1 = ¢go = 0 and there exists a Lévy
measure vy such that go(y,dz) = vy(dz) holds for Lebesgue almost every
y €[0,1].

versus the general alternative of non-constant jump behaviour
*: Assumption 2.3 holds with g; = go = 0 and we have D(qo)( 1) > 0.

If one is interested in gradual changes in N,(v{";t) for a fixed to € R, one
can consider the corresponding alternative

H; (to): Assumption 2.3 is satisfied with g3 = g2 = 0 and we have D(go)( 1) > 0.

Furthermore, we investigate the behaviour of the tests introduced below un-
der local alternatives of the form

H; (loc), Assumption 2.3 holds with go(y, dz) = vy(dz) for Lebesgue-a.e. y € [0, 1]
for some Lévy measure 1y and some transition kernels g1, g2 € G(5, p).

Remark 4.12. Note that the function Dy° in (4.1) is uniformly continuous
in (¢,0) € C uniformly in t € R, that is for any n > 0 there exists a § > 0 such
that

| D) (¢1, 01, 8) — DY (Ca, 02, 8)| <

holds for each t € R and all pairs (C1,61),(C2,02) € C = {(¢,0) € [0,1]* | ¢ <
0} with mazimum distance ||(¢1,61) — (C2,02)||lc0 < 8. Therefore, the function
D3 (903 ¢, 0) = sup;ep | D5 (¢, 0,t)| is uniformly continuous on C and as a con-
sequence DY is continuous on [0,1]. Thus, DY (1) > 0 holds if and only if
the point 0y defined in (4.3) satisfies 0y < 1.

The idea of the following tests is to reject the null hypothesis H for large
values of the corresponding estimators D§" (1) and sup(¢,0)ec D5 (€, 0,t0)] for
Dy’ (1) and D;f?;( ), respectively. In order to obtain critical values we use the
multiplier bootstrap approach introduced in Section 4.2. For this purpose we de-
note by (£ )p=1,...,p for some large B € N independent sequences £® = (§;b))j€N
of multipliers satisfying Assumption 3.6. We denote by H:]I(p"’b) the processes de-
fined in (4.12) calculated from {X{X' | i = 0,...,n} and the b-th bootstrap
multipliers £” ..., &®. For a given level a € (0,1), we propose to reject Hy in
favor of Hj, if

(&) 2DE (1) = 62, (B2 (1)), (4.19)

where qg ) (HE, (1 )) denotes the (1 — a)-quantile of the sample H(” S, ..,

A7 (1) with HS” defined in (4.15). Similarly, for to € R, the null hypothesis
H) is rejected in favor of Hj(to) if

(n) .
R,y =

(nA, )1/2 sup ’D(") ¢, 0 to)’ > (ﬁB)a(R(n)

e prio) (4.20)
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where (j% )Q(R(n)

o) denotes the (1 — a)-quantile of the sample ROV RTD
and

pyto psto

REJZ’:) ‘= sup |H(" (¢, Jto)|-

(¢,0)eC
In the following we show the behaviour of the aforementioned tests under
H, H(loc) and the alternatves Hj, Hj(¢o). To this end, recall the limit process
H, 4, = H,+Dy" in Theorem 4. 4 where D" is defined in (4.1) and where the
tight mean zero Gaussian process H, in €°°(C’ x R) has the covariance function
(4.11). Under the general Assumption 23 1let K, : (R,B) = (R,B) be the c.d.f.
of supc g neoxr [Hp(C,0,1)| and let K : (R,B) — (R,B) be the c.d.f. of

sup(¢ g)ec Hp (¢, 0,t0)|. Furthermore, let

Hyg = sup  [Hy(C,0,t)+ DY (0,1,
(¢,0,t)eC'xR

H0) = sup [H,((,0,t0) + DYV (C,0,t0)].
(¢.0)eC

The proposition below shows the performance of the new tests under the

local alternative Hgl“).

Proposition 4.13. Under Hgloc) we have for each o € (0,1)

—00 N—00

P(Ky(Hpg,) > 1~ ) <lminf lim P((nA,)*DE2(1) > 4%, (B2 (1)) )

< limsup lim P((nAn)l/QD("N )2 a2, (HE2 (1)) SP(K,(H,,) = 1~ a),
B—oo M0

if there exist t € R, ¢ € (0,1) with N,2(go;(,t) > 0, and furthermore

P(KS(H) > 1 - a) <lminf lim P(RY), > 42 (RL),))

P91 B—oo n—o0

< limsup lim P(Rint)o > ( ) (R(n)

B-—oo NM—00 psto

) < P(szﬂ,szn >1-0)

holds for each o € (0,1), if there exists a ¢ € (0,1) with N2 (90;C,to) > 0.

With the result above and an inspection of the limiting probability IE”(K o(
H,g)>1- oz)7 which is beyond the scope of this paper, one can show for
which direction g; it is more difficult to distinguish the null hypothesis from
the alternative. An immediate consequence of Proposition 4.13 is that the tests
(4.19) and (4.20) hold the level o asymptotically.

Corollary 4.14. The tests (4.19) and (4.20) are asymptotic level « tests in the
following sense: Under Hy with vy # 0 we have for each « € (0,1)
lim lim P((nA )1/2111)(")( 1) > ¢t®) (H(")( ))) =a

B—oon—oo

and moreover
lim lim P(R(n) > QgB)a (R/(Jnt)o)) =%

B—00 n—00

holds for all o € (0,1), if Ny2(vp:to) > 0.
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The tests (4.19) and (4.20) are also consistent under the fixed alternatives
Hj, Hj(to) in the sense of the following proposition.

Proposition 4.15. Under Hj, we have for all B € N

lim P((n,)/2D2(1) > 47, (HE2(1) ) = 1.

n—oo

Under Hi(to), we have for all B € N

. (B
tim P(RS), = d”) (RJ) ) = 1

n—0o0

5. Finite sample properties

In this section we present the results of a simulation study assessing the finite
sample properties of the new statistical procedures. We divide this study into
two parts: In Section 5.1 we investigate the performance of the new tests and
estimators by means of a simulation study. Finally, we apply the new methods
to high-frequency stock exchange prices in Section 5.2.

5.1. Monte Carlo experiments

This section is dedicated to a Monte Carlo simulation study. The design of this
study is as follows:

(i) We apply our estimators and test statistics to n data points {Xa,, ..., Xna, }
as realizations of an It6 semimartingale (X;);er, with characteristics (b, o, vy).
For the sample size we choose either n = 10000 or n = 22500, where for the
effective sample size we consider the choices k, := nA, = 50,100,200 in the
case n = 10000 resulting in frequencies A1 = 200,100,50 and in the case
n = 22500 we consider k, = nA, = 50,75,100,150,250 resulting in A1 =
450, 300, 225, 150, 90.

(ii) Corresponding to our basic rescaling assumption (2.1) the jump character-
istic satisfies

vs(dz) = g(n—zn,dz),

where the transition kernel ¢(y, dz) is given by

1/2 1/2
n(y) (1 ; < 6
g(y7 [Z, OO)) — ( Tz ) (7r106) ’ if0<z = W(y)lo ; (51)
0, otherwise,
and ¢(y, (—o0,z]) =0 for all z < 0.

(iii) In order to simulate data points {Xa,,..., XA, } including an abrupt
change we choose
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_ ]-7 lfy S 907
") = { LSy weba 6:2)

for 8y € (0,1), ¢» > 1 and we use a modification of Algorithm 6.13 in Cont
and Tankov (2004) to simulate pure jump Itd semimartingales under Hy, i.e.
for ¢ = 1. Under the alternative of an abrupt change, i.e. for ¢ > 1, we merge
two paths of independent semimartingales together.

(iv) A gradual change in the jump characteristic is realized by choosing

1, if y <6,
= = clo,1 5.3

") {(A@ SR ityze, ST 69
n (5.1) for some 6y € [0,1], A > 0 and w > 0. In order to obtain pure jump
Ito semimartingale data according to this model we sample 15 times more fre-
quently, i.e. for j € {1,...,15n} we use a modification of Algorithm 6.13 in
Cont and Tankov (2004) to simulate an increment Z; = X;]A)n/m — X((;ll)An/15
of a 1/2-stable pure jump Lévy subordinator with characteristic exponent

®U) () = / (e — 1)) (dz),

where 1) (dz) = g(j/(15n), dz). For the resulting data vector { Xa
we use

. Xna,

nl’

15k
Xen, = Zj, (k=1,...,n).
j=1

(v) In order to investigate the performance of our truncation method we ei-
ther use the plain pure jump data vector {Xa ,...,Xpa, } as described above,
resulting in the characteristics b = ¢ = 0 for the continuous part, or we use
{Xa, +Sa,s---Xna, + Sna, }, where S, = W + ¢ with a Brownian motion
(Wi)ter, resulting in b = o = 1. In the graphics depicted below the results for
pure jump data are presented on the left-hand side, while the results including
a continuous component are always placed on the right-hand side.

(vi) For the truncation sequence v, = yAY we choose v = 1 and w = 3/4 in
each run resulting in the parameter 7 = 2/15 in Assumption 2.3.

(vii) Due to computational reasons we approximate the supremum in ¢ € R by
taking the maximum either over the finite grid 77 :={0.1-5 |7 =1,...,30} or
the finite grid 7o := {0.14+5-0.3 | j =0,1,...,9}.

(viii) For the function p we use pr,, from (2.8) in Example 2.5 with parameters
L=1andp=2.

(ix) Each combination of parameters we present below is run 500 times and if
the statistical procedure includes a bootstrap method we always use B = 200
bootstrap replications. In order to illustrate the power of our test procedures we
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TABLE 1
Simulated rejection probabilities of the tests (3.9), (3.10) and (3.11) under the null
hypothesis. Upper part: pure jump subordinator data. Lower part: jump subordinator data
plus a Brownian motion with drift.

kn Test (3.9) [| Pointwise Tests | to =05 [ to=1[to =15 [to=2]tc =25 |to =3
50 0.026 (3.10) 0.062 0.036 0.024 0.036 0.026 0.036
(3.11) 0.060 0.042 0.030 0.030 0.016 0.020
75 0.052 (3.10) 0.058 0.048 0.046 0.040 0.046 0.050
(3.11) 0.040 0.046 0.032 0.036 0.028 0.030
100 0.050 (3.10) 0.046 0.054 0.042 0.046 0.038 0.042
(3.11) 0.038 0.038 0.036 0.040 0.028 0.032
150 0.068 (3.10) 0.038 0.054 0.054 0.054 0.058 0.066
(3.11) 0.036 0.036 0.050 0.042 0.052 0.044
250 0.060 (3.10) 0.068 0.056 0.056 0.058 0.064 0.060
(3.11) 0.046 0.034 0.034 0.032 0.044 0.052
50 0.040 (3.10) 0.038 0.042 0.036 0.054 0.034 0.036
(3.11) 0.036 0.030 0.028 0.042 0.026 0.028
75 0.058 (3.10) 0.024 0.050 0.030 0.048 0.058 0.050
(3.11) 0.030 0.032 0.020 0.042 0.046 0.036
100 0.050 (3.10) 0.044 0.050 0.040 0.046 0.048 0.052
(3.11) 0.034 0.040 0.026 0.046 0.040 0.048
150 0.054 (3.10) 0.040 0.050 0.048 0.056 0.048 0.060
(3.11) 0.040 0.032 0.038 0.038 0.030 0.038
250 0.060 (3.10) 0.046 0.058 0.036 0.056 0.062 0.058
(3.11) 0.036 0.050 0.030 0.044 0.054 0.046

display simulated rejection probabilities, i.e. the mean of the 500 test results.
Furthermore, we measure the performance of our estimators by mean absolute
deviation, i.e. if © = {61,...,0500} is the set of obtained estimation results we

depict
500

1 ~
01(©,600) = — > 16, — bol,
500 <~

where 6y is the location of the change point.

5.1.1. Statistical inference for abrupt changes

To illustrate the finite sample performance of the procedures introduced in Sec-
tion 3 we choose the sample size n = 22500 and the grid 73 = {0.1-j | j =
1,...,30} to approximate the supremum in ¢t € R. The confidence level of the
test procedures is o = 5% in each run.

In Table 1 we display the rejection probabilities of the tests (3.9), (3.10) and
(3.11) under the null hypothesis. We observe a reasonable approximation of the
nominal level a = 0.05. The test (3.11) appears to be slightly more conservative
than the test (3.10). Note that the process investigated in the lower part of
Table 1 includes a continuous component with b = o = 1.

In the upper part of Figure 1 we depict the rejection probabilities of the
test (3.9) for different effective sample sizes k, = nA,,. The factor of jump
size corresponds to v in (5.2) and the dashed red line indicates the nominal
level @« = 5%. The change point is located at 8y = 0.5. Large differences of
the jump size before and after the change yield higher rejection probabilities.
Moreover, the rejection probabilities increase with k,, = nA,. Notice also that
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Fi1G 1. Simulated rejection probabilities of the test (3.9). Upper part: different factors of jump
size ¥ in (5.2) (location of change point fized at 6o = 0.5). Middle part: different locations of
the change point 0o (Y =4 fized). Lower part: different values of the parameter p > 2 in the
function p1,p (6o = 0.5, ¥» = 3 fized). Left panels: Pure jump data. Right panels: pure jump
data plus a Brownian motion with drift. The dashed red line indicates o = 5%.

the results for pure jump It6 semimartingales and for data including a continuous
component are very similar. This fact indicates a reasonable performance of the
proposed truncation technique for an ordinary sample size n = 22500. The
middle part of Figure 1 shows the rejection probabilities for varying locations of
the change point 6y, where ¢ = 4 in (5.2). Our results illustrate that an abrupt
change can be detected best, if it is located close to 6y =~ 0.5. Furthermore, in this
case the power of the test is increasing with k, = nA,, and the performance
for data including a continuous component is nearly the same. In the lower
part of Figure 1 we display the rejection probabilities for different values of the
parameter p € [2,20] of the function p; , in (2.8), which is used to calculate
the process T;};fp (0,t). Here the change point is located at 6y = 0.5 and we
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Rejection Rate
Refection Rate

Fic 2. Simulated rejection probabilities of the test (3.10) (black lines) and the test (3.11)
(grey lines) for different values to for pure jump data (left-hand side) and with an additional
Brownian motion with drift (right-hand side). The dashed red line indicates the nominal level
a=5%.

choose 1 = 3 in (5.2). The results suggest to use the lowest possible value of
the parameter p in order to obtain the maximum power of the test. Again, the
rejection probabilities of the test are nearly unaffected by the presence of a
Brownian component.

In Figure 2 we depict rejection probabilities of the tests (3.10) and (3.11)
for different values of ¢ty € [0.1,50]. In the underlying model (5.1) we use 1(y)
defined in (5.2) with 6y = 0.5 and ¥ = 3. We observe that the test (3.10) has
slightly more power than the test (3.11) and the power of both tests is increasing
for small values of ty. The latter can be explained by the fact that less increments
of the underlying It semimartingale which take values in the interval (v,, o]
are used to calculate the test statistics. The effect is even more significant when
a Brownian component is present (right panel). In this case it is more difficult to
detect a change, because of the superposition of small increments with an i.i.d.
sequence of random variables following a normal distribution with variance A,
(see also Figure 3 in Biicher et al. (2017)). Furthermore, one can show (see, for
instance, Lemma 6.3 in Hoffmann et al. (2017)) that in the case of a pure jump
Ito semimartingale the probability of the event that m increments exceed the
value tg is bounded by Kt,™/?. As a consequence, for large ¢y the power of both
tests reaches a saturation, because only a negligible proportion of increments
exceed tg.

We conclude this section with a brief investigation of the argmax-estimator
(3.17). In the upper part of Figure 3 we display mean absolute deviations of
the estimator (3.17) for different values ¢» € [1,5] in (5.2) (fp = 0.5 fixed),
and in the lower part we consider different locations of the change point 6y €
(0,1) (¢ = 3 fixed). The results in the upper part correspond to Figure 1 in
the sense that large values of ¢ yield a better performance of the statistical
procedure. Additionally, we also observe that due to the truncation approach
the mean absolute deviation is nearly unaffected by the presence of a Brownian
component. Similar to the middle part of Figure 1 the results in the lower part
suggest that a change point can be detected best if it is located at 6y ~ 0.5. Note
also that the estimation error is decreasing with the effective sample size k,,.



Inference on jumps of arbitrary size 3683

015

Mean Absolute Deviation
0.10

Mean Absolute Deviation
010

005

000

Mean Absolute Deviation

Mean Absolute Deviation
o

Location of the Change Point Location of the Change Point

FI1G 3. Mean absolute deviation of the estimator (3.17). Upper part: different values of ¢ in
(5.2), 8o = 0.5 fized. Lower part: different locations of 69 € (0,1), ¢ = 3 fized. Left panels:
pure jump data. Right panels: pure jump data plus an additional Brownian motion with drift.

5.1.2. Statistical inference for gradual changes

In this section we investigate the finite sample performance of the statistical
procedures introduced in Section 4.

In Table 2 we show the simulated rejection probabilities of the tests (4.19)
and (4.20) under the null hypothesis, i.e. for ¢» = 1 in (5.2). The sample size is
n = 22500 and for the test (4.19) we approximate the supremum in ¢ € R by
taking the maximum over the finite grid 73 = {0.1-5 | j = 1,...,30}. In both
cases for pure jump Itd semimartingales (b = ¢ = 0) and for It6 semimartin-
gales including a Brownian component (b = o0 = 1) we observe a reasonable
approximation of the nominal level o = 5%.

To save computational time the rejection probabilities of the tests (4.19) and
(4.20) under the alternative are obtained for the sample size n = 10000 and
effective sample size k, € {50,100,200}. The upper part of Figure 4 shows
the simulated rejection probabilities of the test (4.19) for different degrees of
smoothness of the change w in (5.3). The change is located at 6y = 0.4 and
A is chosen such that the characteristic quantity for a gradual change satisfies
D;;’) (1) = 3 in each scenario. As expected, it is more difficult to distinguish a very
smooth change from the null hypothesis and therefore the rejection probability
is decreasing in w. Similar to the CUSUM test investigated in Section 5.1.1 the
power of the test is increasing with k, = nA,,. In the lower part of Figure 4 we
depict the rejection rates of the test (4.19) for different locations of the change
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TABLE 2
Simulated rejection probabilities of the tests (4.19) and (4.20) under the null hypothesis.
Upper part: pure jump Ito semimartingale data. Lower part: pure jump Ito semimartingale
data plus a Brownian motion with drift.

Test (4.19) Test (4.20)
kn Ty to=05 | to=1|tog=15 | tg=2 | tg =25 | tg =3
50 0.050 0.028 0.020 0.030 0.040 0.056 0.046
75 0.048 0.058 0.058 0.048 0.048 0.048 0.044
100 0.056 0.062 0.038 0.046 0.038 0.046 0.060
150 0.076 0.056 0.062 0.066 0.054 0.062 0.078
250 0.062 0.070 0.070 0.058 0.056 0.054 0.066
50 0.044 0.036 0.026 0.028 0.044 0.040 0.040
75 0.042 0.050 0.054 0.042 0.044 0.038 0.044
100 0.074 0.040 0.038 0.036 0.046 0.062 0.068
150 0.044 0.036 0.056 0.058 0.052 0.042 0.044
250 0.050 0.034 0.042 0.056 0.062 0.062 0.058

point 6y € (0,1). We simulate a linear change, i.e. we have w = 1 in (5.3), and
A is chosen such that D (1) = 0.3 holds in each run. As before, the power of
the test is increasing in the effective sample size k, = nA,, and moreover it is
decreasing in 6. The latter observation can be explained by the shape of model
(5.3), because for larger values of 6y the jump characteristic is “closer” to the
null hypothesis.

Note also that all results are very similar for pure jump processes and pro-
cesses including a Brownian component. This indicates that our truncation ap-
proach also works in this setup.

We conclude this section with a study of the change point estimator éé”) in

(4.14). Following Hoffmann et al. (2017) we implement the estimator é/()") in five
steps as follows:

Step 1. Choose a preliminary estimate 8" € (0,1), a probability level o € (0,1)
and a parameter
r € (0,1].

Step 2. Initial choice of the tuning parameter sc,: Evaluate (4.16) for é(””,a
and r (with B = 200

as described above and where the supremum in ¢ € R is approximated
by the maximum

overt €T, ={01+35-03]5=0,1,...,9}) and obtain ™.

Step 3. Intermediate estimate of the change point. Evaluate (4.14) for 2™ and
obtain 6.

Step 4. Final choice of the tuning parameter s,: Evaluate (4.16) for 64 a7
and obtain (9.

Step 5. Estimate 6. Evaluate (4.14) for 3" and obtain the final estimate 0 of
the change point.
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Fic 4. Simulated rejection probabilities of the test (4.19) under the alternative. Upper part:
different values w € [0.6,30] in (5.3), 0 = 0.4 fized. Lower part: different locations of the
change point 0y € (0,1), w = 1 fized. Left panels: pure jump I[to semimartingales; Right
panels: pure jump Ito semimartingales plus a Brownian motion with drift. The dashed red
line indicates the nominal level o = 5%.

From the theoretical point of view as discussed in Section 4.3 we have to
ensure that the preliminary estimate §*" in Step 1 is consistent in order to
guarantee consistency of the final estimate 6. If not mentioned otherwise, we
always make the “arbitrary” choice 6@ = 0.1 for two reasons: First, a simula-
tion study which is not included in this paper, where the estimation procedure
is started in Step 2 with the choice 0™ = /nA,, (which yields consistency ac-
cording to Theorem 4.7) has shown similar results as the ones depicted below.
Secondly, with the small choice of 6@ = 0.1 in Step 1 we obtain smaller values
of the thresholds 7™ %" and this reduces the calculation time. Furthermore,
in the following simulation study we choose for the sample size n = 22500 and
vary the effective sample size k, = nA,, in {50,100, 250}. For the evaluation of
(4.16) we always use o = 10% and for computational reasons suprema in ¢t € R
are approximated by maxima over t € To, = {0.1+5-0.3|j =0,1,...,9}. If
not mentioned otherwise, we simulate a linear change, i.e. w = 1 in (5.3), which
is located at 6y = 0.4. A is always chosen such that the characteristic quantity
for a gradual change satisfies D’ (1) = 3 in all scenarios.

The upper part of Figure 5 shows the mean absolute deviation of the esti-
mator (4.14) for different choices of r € (0,1] in Step 1. We observe that in all
cases the mean absolute deviation for r = 0.3 is close to its overall minimum.
Thus, we choose r = 0.3 in Step 1 in all following investigations. In the lower
part we display the mean absolute deviation for different choices of the pre-
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F1G 5. Mean absolute deviation of the estimator (4.14). Upper part: different choices of r €
(0,1] in Step 1. Lower part: different choices of the preliminary estimate o) € (0,1) in Step
1. Left panels: pure jump Ito semimartingales. Right panels: pure jump Ito semimartingales
plus an additional Brownian component.

liminary estimate 6o e (0,1) in Step 1. The smallest error is obtained, if the
preliminary estimate is chosen close to 1. These findings were confirmed by a
further simulation study which is not presented here and demonstrates that the
procedure (4.14) tends to underestimate the change point. As a consequence,
6" close to 1 induces larger values of the quantities 50™, 0% 509 in Steps
2-4 and prevents the underestimation error.

The upper part of Figure 6 shows the simulated mean absolute deviation
of the estimator (4.14) for different degrees of smoothness of the change w in
(5.3). The results correspond to the upper part of Figure 4 and confirm the
intuitive idea that a smooth change is more difficult to detect. Moreover, larger
effective sample sizes k,, = nA,, reduce the estimation error. In the lower part we
display the simulated mean absolute deviation of the estimator é/()"’ for different
locations of the change point 6y € (0, 1) in (5.3). The results correspond to lower
part of Figure 4 and show that for small values of 6y the change point can be
detected best. This is a consequence of model (5.3), where for larger values of
6o € (0,1) the jump behaviour is nearly constant.

5.2. Real data application

In this section we show the results of an application of the new methods to
mid price data (in US dollar) of Apple shares between 09:30 and 16:00 on 21-
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Fic 6. Mean absolute deviation of the estimator (4.14). Upper part: different degrees of
smoothness of the change w in (5.3). Lower part: different locations of the change point.
Left panels: pure jump processes. Right panels: pure jump processes plus an additional addi-
tional Brownian motion with drift.

06-2012, which is depicted in Figure 7 and consists of n = 106626 data points.
We choose k, = nA, = 23400, which corresponds to the number of seconds
between 09:30 and 16:00. Furthermore, we use again the function pr, from
(2.8) in Example 2.5 with parameters L = 1 and p = 2. For the truncation
sequence we choose v, = v(k,/n)%/*4, where we use v = 0.005 to address the
fact that the increments A’ X in the data are very small, due to the extremely
high frequency of sampling. For the same reason we approximate the supremum
in t € R in the methods from Section 3 by the maximum over the finite grid
{j-0.0005 | j € {1,...,80}}, while the supremum in ¢ € R in the methods from
Section 4 is approximated by the maximum over the finite grid {j - 0.004 | j €
{1,...,10}}. As in Section 5.1 we use 200 bootstrap replications whenever a
procedure requires resampling. Due to the huge sample size we use r = 0.8 in
order to reduce the calculation time.

The test (3.9) and the test (4.19) reject the null hypothesis of no change in
the jump behaviour (level & = 5%). In order to locate the abrupt change point
an application of the argmax-estimator (3.17) yields the value 38029 seconds
after midnight for the time of an abrupt change. Similarly, the 5-step-procedure
for the estimator (4.14) introduced in Section 5.1.2 gives 38131 seconds after
midnight for the time of a gradual change (here we also choose #*" = 0.1
and @ = 0.1 in step 1). We also applied the standard binary segmentation
algorithm to detect further change points [see Vostrikova (1981)], where we
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Fic 7. Mid prices of Apple shares in US dollar between 09:30 and 16:00 on 21-06-2012. The
time is measured on the z-axis by seconds after midnight. The solid vertical lines show the
results of the argmax-estimator (3.17) (left panel) and the estimator (4.14) (right panel).

restrict ourselves to a maximal number of 5 change points. The results are
depicted by the solid vertical lines in Figure 7, where the left and right panel
correspond to the detection of abrupt and gradual changes, respectively.

Remark 5.1. An important and extremely difficult problem in finite samples
is to distinguish between abrupt and gradual changes. In the context of change
point detection in a sequence of means it was demonstrated in Section 7.1 of
Vogt and Dette (2015) that the procedure for detecting gradual changes is also
able to detect abrupt changes in the mean. Similarly, the classical test for an
abrupt change detects also a gradual one. However, a test applied under a wrong
assumption might be less powerful, even if it is consistent. In the context for
changes in the jump behaviour a similar observation can be made. Both tests
detect abrupt and gradual changes, but a test constructed for a specific form
of the change might be less efficient if the form of the change deviates from the
postulated model.

On the other hand, even in the context of detecting a change in a sequence
of means, a formal statistical test to distinguish between an abrupt and gradual
change is to our best knowledge not available. Problems of this type are very
challenging topics for future research.

6. Proofs

The proofs of the results in this paper are technically very demanding and
we decompose the arguments in several parts. The main steps are given in
this section. We begin stating general assumptions in Section 6.1 which are
sufficient for all results presented in this paper and implied by the more readable
assumptions made in Section 2. In Section 6.2 we state results regarding the
weak convergence of two empirical processes, which are used in the definition
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of the statistics considered in Section 3 and 4. Proofs for the results in these
sections can be found in Section 6.3 and 6.4. All arguments presented here rely
on several technical auxiliary results, which can be found in Appendix A-E of
the supplement (Hoffmann and Dette (2019)).

6.1. Alternative assumptions

All results in this paper also hold under the weaker assumptions given below.
Here and throughout this section K or K (J) denote generic constants depending
in some cases on a quantity § and may change from place to place.

Assumption 6.1. At step n € N we observe an Ito semimartingale X ™
adapted to the filtration of some filtered probability space (2, F,(Fi)ier, ,P)
with characteristics (b, 0, v{M) at the equidistant time points {iA, | i =
0,1,...,n}. Furthermore, the following assumptions are satisfied:

(a) Assumptions on the jump characteristic and the function p:
For each n € N and s € [0,nA,,] we have

s
v (dz) = g™ (nA dz), (6.1)

9
n

where there exist transition kernels go,g1,92 from ([0,1],B([0,1])) into
(R,B) such that for each y € [0,1]

9™ (y, dz) = go(y, dz) + (y,d2) + Rn(y, dz) (6.2)

1
—TAH 9

and for each y € [0,1], B € B andn € N the kernel R,, satisfies R, (y, B) <
anga(y, B) for a sequence a, = o((nA,)~Y?) of non-negative real numbers.
Furthermore, we have

(1) There ezists B € [0, 2] with

max ()\1 — ess SuPye[o,l](/ (1A ‘Z|(ﬁ+6)/\2)gi(y,dz))> < K(6) < o0

for each 6 > 0.

(2) p: R = R is a bounded C'-function with p(0) = 0. Furthermore, there
exists some p > B+ (B V 1) such that the derivative satisfies |p'(z)| <
K|z[P~! for all z € R and some K > 0.

(8) Forp= (p—1)V 1 withp from (a2) we have

Pl (Al T ess SuPyE[OJ](/ |z\ﬁ]l{\z\21}gi(y,dz))) < 00
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(4)  (I) There existT >7T >0, ap > 0, ¢ > 0 and K > 0 such that for
every choice mi,ma € {go, 91,92}

A2 — €8S SUDy, 1o c(0,1] (//ﬂ{‘z—z|§AZ}]l{AZ/2<|m|§a0} X
X 1{Ag/2<|z\§ao}m1(ylvdx)mQ(yQadZ)) < KAJ,

holds for n € N sufficiently large, where Ay denotes the restriction
of the two-dimensional Lebesque measure to the measure space
([0,1]%,[0,1]2 N Lg) with the two-dimensional Lebesgue o-algebra
Lo on R2.

(II) For each v > 0 there is a K(a) > 0 such that for every choice
my, mz € {go, 91,92} we have

Ag — €88 SUp,, . c(0,1] (//1{\z—z|§AZ}]l{|x\>a}X
XLz (v, do)ma(ye, d2) ) < K (a) A,

for n € N large enough with the constants from (a(4)I).

(b) Assumptions on the truncation sequence v, and the observation scheme:
We have v, = yAY for some v > 0 and w satisfying m <w < % A ﬁ
Furthermore, the observation scheme satisfies with the constants from the
previous assumptions:

(1) A, — 0,

(2) nA,, — oo,

(3) nALT? 50,

(4) AT =0,

(5) nALTHE=A= g for some 6 > 0,
(6) nAZPPIFD) 0 for some € > 0,
(7) nAS1+2(F7E))V1)+6 — 00 for some § > 0.

(c) Assumptions on the drift and the diffusion coefficient: For my = % <4

142w

/o We have

and my =

sup sup {]E}bg")’mb \/E|J£")|m”} < 00.
neNseR 4

Throughout the following proofs we will work with Assumption 6.1 without
further mention. This is due to the following result which proves that Assump-
tion 2.3 implies the set of conditions above.

Proposition 6.2. Assumption 2.3 is sufficient for Assumption 6.1.
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Proof. Let 0 < 8 <2,0<7< (1/5/\%) andp>ﬁ+((%+%,3)\/l+%) and
suppose that Assumption 2.3 is satisfied for these constants. In order to verify
Assumption 6.1 define the following quantities:

T

“ v

and recall that w = (14 57)/4.

p is suitable for Assumption 6.1(a2), as in particular p > S+ (8V1) is satisfied
due to (14 36)/2 > B and 2/(1 + 57) > 1. Assumption 6.1(b) is established,
since 1/(2(p — B)) < w = (1 + 57)/4 is equivalent to p > 5+ (2/(1 + 57)) and
w=(1+57)/4 <1/2A1/(28) holds due to 7 < (1/5 A %) Furthermore,
simple calculations show

q:=7—(1+38)v =27, (6.3)

T:=3Tr, U:

(1+2772w)\/1:t2_1<1+T:t1_1:(1+g)

=2(1-Pw(l+e) <(1+20(p—B))A(1+2w) (6.4

with € = %ﬁ;f)fﬂ) > 0, since 7 < % and (p— /) > (1+33)/2. Therefore,
all conditions on the observation scheme are satisfied.

Additionally, if n, M > 0 and a Lebesgue null set L € [0,1] N £y are chosen
such that the requirements of Definition 2.1 hold, we have h’(z)z|(B+912 <

K|z|(-1H9)A=8) for each 6 > 0 and all y € [0,1]\ L, z € (—n,7n), i € {0,1,2},
where h{ denotes a density for the kernel g;. Therefore, and due to Definition
2.1(2) and (3), we obtain A, —ess sup( [ (1A [2|FT9"2)g;(y,d2)) < K(5) < oo
for every § > 0 and all ¢ € {0,1,2}. Moreover, due to Definition 2.1(3) we have

7 D —1—¢€
W) (2)] 2P < K| 717, (6.5)

for all |z|] > M, y € [0,1]\ L, i € {0,1,2} and some K > 0. So together with
Definition 2.1(2) we obtain A; — ess SuPye[0,1](f |2[PL {2213 9i(y, dz)) < oo for
each i € {0,1,2} which is Assumption 6.1(a3).

Furthermore it follows that 11+2F = 64107 5pd 12w _— 64107

—w 3—57 1/2—w — 1-57
sequence Assumption 2.3(c) implies Assumption 6.1?0).

We are thus left with proving Assumption 6.1(a(4)I) and (a(4)II). Obviously,
0 < T < 7 holds with the choice in (6.3). First, we verify Assumption 6.1(a(4)I).
To this end, we choose n > 0 and a Lebesgue null set L € [0,1] N £; such
that hl(f)(z) < K|z|~(0*5 holds for all z € (—n,n) \ {0}, vy € [0,1]\ L, i €
{0,1,2} according to Definition 2.1(1) and we set ag := n/2. Then for any
choice my, ma € {go, 91,92} we get

and as con-

//]l{lx—Z\SAi}ﬂ{AZ/k\xléao}ﬂ{AZ/kMéao}ml(yl’dm)m2(y2vdz)

SK//ﬂ{lr—zmm1{A2/2<|x\§ao}]1mz/2<|z\Sao}|33\7(Hﬁ)|z|7(1+ﬂ)dﬂfdz

S2K// Ljo—i<agyLiag/zcocan Lagja<ocagyz” 2" dadz,
0
0
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for all (y1,y2) € ([0,1]\ L) x ([0,1] \ L) and n € N large enough. For the second
inequality we have used symmetry of the integrand as well as AT < AV/2. In
the following, we ignore the extra condition on x. Evaluation of the integral with
respect to z plus a Taylor expansion give the further upper bounds

& — A7) P _(z+ AT _
K/ - 22— A(2T|B 0490 ez

)P0y
SKAZ/O B oamp | Mar/acesan 2

for some £(z) € [z — AT,z + AT]. Finally, we distinguish the cases 8 < 1 and
B > 1 for which the numerator has to be treated differently, depending on

whether it is bounded or not. The denominator is always smallest if we plug in
AV /2 for z. Overall,

//]1{|m—z|sAi}1{Az/z<|w\sao}1mm2<|z\Sao}ml(yhdw)mz(y%dz)
§ KATA, 97 [0 02 10dz, i B<
KATAZY 35 (g, if 8> 1
< KATLf(lJr?)ﬁ)E _ KA;]L
for all my, my € {0,1,2} and (y1,92) € [0, 1]?\ L2. Finally, we consider Assump-

tion 6.1(a(4)II), for which we proceed similarly with n € N large enough, oo > 0
and (y1,92) € [0,1]%\ L2, as well as my,m2 € {go, g1, g2} arbitrary:

//11{|x—z|gﬁ}1{|z\>a}]1{|z|>a}m1(yl,dx)mz(yz,dZ)

<O AT +2K/ / ]1{“ Z|<ATY ]l{m>a}]l{z>a}m 2 2dxdz.

This inequality holds with a suitable M’ > 0 due to Definition 2.1 (2) and (3), as
we have h{)(z) < K|z| 72 for y € [0,1]\ L, i € {0,1,2} and large |z|. Therefore,

//Mz 21<am a1 >ay Lz i>ayma (Y1, dz)ma (y2, dz)

==n
o0

< O(AT) + KAT —_
<O+ KN, [

21 o0y dz = o(AY) (6.6)

for (y1,y2) € [0,1]? \ L? and any choice my, ma € {go, 91,92} The final bound
in (6.6) holds since the last integral is finite. O

6.2. Weak convergence of the empirical truncated Lévy distribution
Sfunction

The proofs of the statements in Section 3 and Section 4 rely on two deep results
about the weak convergence of empirical processes which are the basic blocks
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in the statistics considered there. We begin with a central limit theorem for the

process
G (0,1) = V/nAy (NS (8, 1) = N,y(9;6,1)),

where N,(-,-) and N,(g;-,-) are defined in (2.2) and (2.3), respectively. The
following result is a generalization of Theorem 3.1 in Hoffmann and Vetter (2017)
which can be obtained by the choice go(y,dz) = v(dz) for a Lévy measure v
and g1 = g2 = 0. The proof is given in Section A of the supplement.

Theorem 6.3. Let Assumption 2.3 be satisfied. Then we have weak convergence

ng) ~ G, in £2°([0,1] x R), where G, is a tight mean zero Gaussian process
in £°°([0,1] x R) with covariance function

61 N\02 t1 A\t
aOti 0t = [ [ Femda 60)

Additionally, the sample paths of G, are almost surely uniformly continuous
with respect to the semimetric

61 t1Vta
dy((01,t1); (02,t2)) / / 2)go(y, dz)dy
¢

1At
02 rt2 1/2
/9 / Dao(w.d)dy} (68)
1

We also need a result regarding the weak convergence of a bootstrapped
version of G;,"). The corresponding process is defined by

fOT 01 S 92.

[n6]

D Gn(ATX )L oo (AFX ) Ly an x50,y (69)
=1

G (0,t) = W

for (6,t) € [0,1] x R, where the sequence of multipliers (&;);cn satisfies Assump-
tion 3.6. The proof is given in Section B of the supplement.

Theorem 6.4. If Assumption 2.8 holds and the multipliers (&;)ien satisfy As-
sumption 3.6, we have CA?E,H) ~e G, in £2°([0,1] x R), where the process G, is
defined in Theorem 6.3.

6.3. Proofs of the results in Section 3

Proof of Theorem 3.1. For each (6,t) € [0,1] x R, n € N we have under H{"**)

[nf]

T (0,1) = ha (GSV) (0, 1) + V0, (N, (9™ 0, 1) — TNp(g("); 1,t))
G (0,t) + V/nA,

( (
= h, (G) (9 — %) /_too p(2)vo(dz)
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‘F(]\]’p(glaeﬂf)*u (gla]- t))

Lnf]

with the mappings h,, : £°([0,1] x R) — £°°([0,1] x R) defined by

(D00 = 10,0~ P00, (wen), holnO.1) = 1(0.0) - 0701,1)

(6.10)
Thus, by Assumption 2.3(a) we obtain 'I[‘E,n)(H, t) = hy, (G;n)) (0,6)+T,4,(6,)+
o(1), where the o-term is deterministic. By the same reasoning as in the proof of
Theorem 2.6 in Biicher et al. (2017) it can be seen that hy, (G$V) ~» ho(G,) =T,
in £>°([0,1] x R). As a consequence, Slutsky’s lemma (Example 1.4.7 in Van der
Vaart and Wellner (1996)) yields the assertion, since the tight process T, is
separable (see Lemma 1.3.2 in the previously mentioned reference). O

Proof of Proposition 3.3. (6.5) in the proof of Proposition 6.2 shows that As-
sumption 6.1(a3) is also valid for 2p instead of p. Thus, Theorem 6.3 also holds
with the function p replaced by p?. As a consequence, we have N;Z)(l,to) —

Ny2(9";1,t9) = op(1). By (2.7) we obtain

to tO
N2 (g(n);l,to) :/ P2 (2)vo(dz) + M/ / 2)g1(y, dz)dy+

/ / PR ey - /_ OO P (2)ro(dz) +o(1).

Finally, (N3 (1,0))"/*1 (' p?(2)ro(dz)) =1/ +0p(1) follows

{N(")(l to)>0}

due to fj(;o p%(2) vo(dz) > 0. Thus, Theorem 3.1, the continuous mapping theo-
rem and Slutsky’s lemma (Example 1.4.7 in Van der Vaart and Wellner (1996))
yield

VO~ ([ PEn) (5,000 + T, (0.10) = K0) +VE)0),

in £°°([0, 1]), because the process (ff;o P2 (2)v(dz))~Y2T, (-, o) is a tight mean
zero Gaussian process with covariance function K (61, 6s) = (61 A03) — 60165, O

Proof of Theorem 3.7. Recall the Lipschitz continuous functions h,, : £°([0, 1]
xR) — £°(]0, 1] xR), (n € Ny) defined in (6.10). Then we have T“” = h (G’é )
and Proposition 10.7 in Kosorok (2008) together with Theorem 6. 4 give ho(GS &)

~¢ ho(G) in £2°(]0, 1] x R). Moreover, we have

sup B (GS)(0,8) — ho(GSV)(6,1)| =
(0,t)€[0,1] xR

= sup ’ (9 — 0]

(0,)€[0,1] xR n )G(n) 1t|_0 x Op(1) = op(1)
,£)€(0,1]X
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and thus Lemma B.1 yields T ~¢ ho(G,). The covariance structure (3.8) of
ho(G,) = T, can be obtained using (6.7). O

Proof of Proposition 3.10. First, we show (3.12) with a reasoning which is simi-
lar to the proof of Proposition F.1 in the supplement to Biicher and Kojadinovic

(2016).
Fix a € (0,1) \ Q. According to Proposition E.2 and the continuous map-
ping theorem we have (TS, T\, T\ s)) ~ (Tpgis Tp1ys-- - Tp(m) in

(RBFL BETY) for fixed B € N, where T), (1),...,T, () are independent copies
of the limit T}, in Corollary 3.9. Furthermore, let L, p be the empirical c.d.f.

based on the observations Tp(’;)u),... ,T:’;)(B) and let Lp be the empirical c.d.f.
calculated from T}, (1, ...,T), (). Due to the right continuity of L, p we have

BT > g7 (1)) = P(Ly p(T(V) > 1 - a).

Moreover, using Corollary 1.3 and Remark 4.1 in Gaenssler et al. (2007) as
well as Assumption 2.3(a3) and the covariance structure (3.3) of the Gaussian
process T, in Theorem 3.1 it follows that 7, has a continuous c.d.f. Thus, the
function ¥ (g : RFT — R given by ¥(py(zo,x1,...,23) = B~' 37 1(2; <
xo) is almost surely continuous with respect to the image measure (7, g,, 7}, (1),

s Ty 3))(P). As a consequence, we have L, p(T5") ~ Lp(Tp4,) as n — oo
and with the Portmanteau theorem we obtain

. n) < (B n

Jim P(TS > 7,(T5V)) = B(Ls(Tpg) = 1~ a),
because 1 — a ¢ {0, %, ceey %, 1}. By the Glivenko-Cantelli theorem for every
€ € (0,1 — a) we can choose By(e) € N such that

P(81€1£|L3(x) — Ly(z)| > ¢) <e, (6.11)

for all B > By(e), since T}, (1, ..., T),

Thus, for every such B € N we have

(B) are i.i.d. with distribution function L,.

P(LB(Tﬂ,gl) >1- O‘) = P(LB(TP’QI) = Lp(Tp00) + Lp(Ty g
S ]P)(LB (prgl) - LP(Tngl) Z 6) + P(LP(Tpmgl)
<e+P(Ly(Tpg) 21 —a—e) 5 P(Ly(Tpg) >1-0)

and we obtain

limsupP(Lp(Tp4) > 1—a) <P(L,(T)pq) >1-a). (6.12)

B—oo

The terms on both sides of inequality (6.12) are increasing in « and the right-
hand side is right continuous in «. As a consequence, (6.12) is also valid for each
a € (0,1) N Q. Furthermore, we have

liBni)ioréfIP(LB(Tp’gl) >1—a)>P(L,(T)q)>1-a), (6.13)
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because according to (6.11)

P(Lp(T,

p,g1) >1- a) = P(LB(TP,gl) o LP(TP7!]1) + LP(Tp,m) =>1- a)

>P(Ly(Tpg) > 1—a+e)—e X P(Ly(T,y)>1—a)

holds. Both sides of (6.13) are increasing in « and the right-hand side is left
continuous in a. Thus, (6.13) is also true for & € (0,1) N Q. Finally, (3.14)
can be shown by exactly the same steps as above and (3.13) is an immediate
consequence of the Portmanteau theorem. O

Proof of Corollary 3.12. Under Hyg we have T,, = 0 and T}, = T, is dis-
tributed acccording to L,. Due to vy # 0, Assumption 2.3(a3) and the covari-
ance structure (3.3) of T, the c.d.f. L, is continuous in virtue of Corollary 1.3
and Remark 4.1 in Gaenssler et al. (2007). As a consequence, L,(T,, 4,) = L,(T),)
is uniformly distributed on (0,1) and we have P(L,(T,) > 1—a) = P(L,(T},) >
1 —a) =a for all a € (0,1). Hence, (3.15) follows from (3.12) and the claim
(3.16) can be obtained by a similar reasoning using (3.13) as well as (3.14). O

Proof of Proposition 3.14. As in the proof of Proposition 3.3 we obtain

sup |N£")(9,t) — Np(go;ﬁ,t)’ = op(1).
(0,t)€[0,1] xR

(nAn)~12T5(0,1) is given by N5 (0,t) — %N}]‘)(l, t) according to (3.2). Con-
sequently, a simple calculation shows

(n2,) 2T (8,1) = N, (g0:6,1) — ON,(g0; 1,1) + 05(1) = T5,(6,1) + 0p(1)

under Hy, where the o-term is uniform in (0,¢) € [0,1] x R. O

Proof of Proposition 3.13. By the continuous mapping theorem, Theorem 3.7
and Remark 3.5(ii) we have T;E,Z)(“ = Op(1) and W;Z’(‘;’)) = Op(1) for all b €
{1,..., B}. Therefore, it suffices to show P(V}) > K) — 1 and P(W () >
K) — 1 for every K > 0 under H{"'® and P(T™ > K) — 1 for each K > 0
under Hj.

According to the proof of Proposition 3.3 and Proposition 3.14 the quantities
(nAp)~12VI and (nAp)~1/2W ) converge to a constant in (0,00) in outer
probability under H{"*’, because |T7;,(fo,t0)| > 0 in this case. Furthermore,
due to Assumption 2.3(a3) we have sup g ;ycjo,17xr |7()(0,t)| > 0 under H; and
(nAR) V2T = sup g 4yepo,11xr |10 (05 )] + op(1), because of Proposition 3.14.
Thus, the assertion follows from nA, — oco. U

Proof of Proposition 3.15. According to Proposition 3.14 the random functions
0 > supeg |(nA,) /2 TGV (0,1)| converges weakly in £°°([0, 1]) to the continuous
function 6§ — sup,cp |74,(0, t)|, which due to Assumption 2.3(a3) attains a
unique maximum at 8y under H;. Therefore, the claim for H; follows from the
argmax-continuous mapping theorem (Theorem 2.7 in Kim and Pollard (1990)).
The assertion regarding H(l‘]’t‘)) follows with a similar reasoning. O
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6.4. Proofs of the results in Section 4

Proof of Lemma 4.1. 1f the kernel go(-,dz) is Lebesgue almost everywhere con-
stant on [0, 9] we have DY ((,0,t) = 0 for all 0 < ¢ < 0 and t € R, since

¢~ fo f_oo 2)g0(y, dz)dy is constant on (0, 6].
If on the other hand D’ (¢,0,t) = 0 for all ¢ € [0,0] and t € R we have

¢

// 2)go(y, dz)d / / z)4o y,dZ)dy) =:CAp(2)

0

for each ¢ € [0,6] and ¢ € R. Therefore, fjoo p(2)go(y,dz) = Ap(t) holds for
each fixed ¢ € R and every y € [0,0] \ M) by Assumption 2.3(a4) and the
fundamental theorem of calculus. Consequently,

/ﬁ@m%szm> (6.14)

holds for every ¢t € Q and each y € [0, #] outside the Lebesgue null set J;cq Mz)-
According to Assumption 2.3 the function y — [(1 A |z|P)go(y, dz) is bounded
on [0, 1]. Hence, by Lebesgue’s dominated convergence theorem and the assump-
tions on p the quantities on both sides of (6.14) are right-continuous in ¢t € R.
As a consequence, (6.14) holds for every ¢t € R and each y € [0, 6] outside the
Lebesgue null set UtGQ M. Thus, by the uniqueness theorem for measures the
kernel p(z)go(y,dz) is Lebesgue almost everywhere on [0, 6] equal to the finite
signed measure 7y with measure generating function ¢t — Ay (t) of bounded vari-
ation. Now, recall that go(y, dz) does not charge {0}, so by Assumption 2.3(a3)
the kernel go(y, dz) is Lebesgue almost everywhere on [0, 6] equal to the measure

with density (1/p(2))1{(z)20170(d2). O

Proof of Theorem 4.4. We consider the functional A: £°°([0,1] x R) — £°°(C x
R) defined by

A)G0.1) = F(G 1)~ S 7(60,1) (6.15)

As [A(f1) = A(f)llexr < 2[lf1 — fall|
uous. Thus, by Theorem 6.3 and the continuous mapping theorem A(G") con-
verges weakly in £°°(C xR) to the tight mean zero Gaussian process H, := A(G,)
with covariance structure (4.11). Furthermore, we have H(") A(ng))vLDgng—
VA, D) = AGSY) + DYV 4 o(1), where the o-term is deterministic and
uniform in (¢, 0,t) € C' x R by Assumption 2.3. Finally, the desired weak con-
vergence follows using Slutsky’s lemma (Example 1.4.7 in Van der Vaart and
Wellner (1996)) and the fact that H, is separable as it is tight (see Lemma 1.3.2
in the previously mentioned reference). |
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Proof of Theorem 4.5. We have H;") = A(GA’(p")) and H, = A(G,) with the Lip-
schitz continuous mapping A defined in (6.15). Thus, the assertion follows from
Proposition 10.7 in Kosorok (2008). O

Proof of Theorem 4.7. 4.8 and 4.9. The assertions follow by a similar reasoning
as given in the proof of Theorem 4.2, 4.3 and 4.4 in Hoffmann et al. (2017),
respectively. O

Proof of Theorem 4.10. We start with a proof of ¢* = 0 which is equivalent to
5P (1)) \/nis, <5 0. Therefore, we have to show

Bn
- (an,p) _ 1
P(B()/VnAn s @) = IP)(B_n Z;]l{m%”<é:>s<mm>vr} >1-an) L
1=

(6.16)
for arbitrary x > 0, by the definition of ﬁﬁfxg;;”)(r) in (4.16). Since the

are pairwise uncorrelated with mean zero and bounded by 1, we have

B
1 - m(n) (g 1/r
P(| 3 2 o sy g — Pe (202 < (Vidoo)'")
" i=1 '

<40;,°B; ' = 0.

> an/2)

Therefore, in order to prove (6.16), it suffices to verify
]P’(IPE (HS,’,&Q(@;) < (\/nAnx)1/7'> <1- an/2)
2 o ~
< —P(H20;) > (Vekao)'7)

n

< 20,'P(Qy)

+ Qa;I]P’({qup sup \G(p”)(H,t)\ > (\/nAna:)l/"} ﬂQn) — 0,
teR 0€[0,1]
(6.17)

with @, the set defined in (A.16). The first inequality in the above display
follows with the Markov inequality and the last inequality in (6.17) is a conse-
quence of the fact that S (62) < HS(1) < 2sup,cp supgeio1) 1G4 (0,1)]. Due
to Lemma C.5 in part C of the supplement we obtain ]P’(Qg) < KnAM7™ and
consequently o, 'P(QS) — 0. For the second summand on the right-hand side
of (6.17) the definition of G(p“ in (6.9) gives

E{sup sup |GSV(6,)]10, }
teR 9€[0,1]
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3

E(I&p(AFX M) L arx o0 js0nyla,) < Ev/nA,.

The final estimate above follows using Lemma C.21 in part C of the supplement,
E|¢| < 1foreveryi =1,...,n and independence of the multipliers and the other
involved quantities. Therefore, with the Markov inequality we obtain

afbl}P’({Zsup sup |G (0,t)| > (\/nTnx)l/r} ﬁQn)

teR 0€0,1]

((nA ) ozn>71 — 0,

by the assumptions on the involved sequences. Thus, we conclude S =0.

Next we show 5% (r) 5 oo, which is equivalent to

B,
. (en.p) _p( 2
Pt (1) < 2) =P( 53 Mg gsyaniny 2 1= ) 20,
=1
for each > 0. By the same considerations as in the previous paragraph it is
sufficient to show
(n) (o= 1/r
P(Pe(H,w(6)) > < 2ay,) — 0.

Let to € R with N,2(6o,%0) > 0. By continuity of the function ¢ + N,2((,%0)
Wecanﬁnd0<C<9<90W1th

sz(é, to) > 0. (618)

As HZV(C0,t0) < HL(0;) = Pe(HV(C0,t0) > a'/7) < Pe(HGN(G;) >
zt/ ") on the set {f < 67} and consistency of the preliminary estimate it further
suffices to prove

P(Pe (WD (8;) > 2'/7) < 200, 6<6;,)
< IP’(]P’g (H<" (C,0,t0) > ) < 2an) ~0. (6.19)

For a proof (6. 19) we use a Berry-Esseen type result. Recall the notation
B (C,0,t0) =

n 3 ATL — — E —
\/m Z Byg; from (4.12) with B = (1< )y = 51(<1na)})

x A%, where

Ar = p(A?X("))]l(_OOJO](A?X("))]IHA?X(”)D%}, j=1,....n

It is easy to see that W2 := E¢(H'™ (C,0,10)) = — > (B?)2. Thus, Theorem

2.1 in Chen and Shao (2001) yields
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sup [Pe (F((C, 0, 0) > o) = (1 q>(x/VVn))]
TER

r2 g3 3
< K{ Y EUZ M0, 51y + O EelUinl ]l{IUi,n\Sl}}’ (6.20)
=1 1=1

if W, > 0 with U;,, = %

distribution function. Before we proceed further in the proof of (6.19), we first
show

and where ® denotes the standard normal

L_ 1 o), (6.21)

W2 (B
Py

j=1

that is lim limsupP(nA, > M Y (B’j")Z) = 0. Let M > 0. Then a straight-
j=1

|
M—00 nosoco

forward calculation gives
L [n¢] R B
IP’(nAn > MZ(B;L)Q) < ]P’(nAn > M Z(A;)?) - ]P(l/M’ > N/S’;)((,to)),
j=1 j=1
with M’ = M(1 — {/6)%. Consequently, with (6.18) we obtain (6.21) due to
N (C to) = Ny2 (9™ ¢, to) + 0p(1) = Nz (g0: €. to) + 08 (1),

because Theorem 6.3 also holds for p? since Assumption 6.1 is also valid for
2p instead of p (cf. (6.5) in the proof of Proposition 6.2). Recall that our main
objective is to show (6.19) and thus we consider the Berry-Esseen bound on
the right-hand side of (6.20). For the first summand we distinguish two cases
according to the assumptions on the multiplier sequence.

Let us discuss the case of bounded multipliers first. For M > 0 we have
|Uin| < \/% for all ¥ = 1,...,n on the set {1/W2 < M}, since |B?| is
bounded. As a consequence,

r2
Z]EgUi,nn{IUmm} =0 (6.22)
=1

for large n € N on the set {1/W2 < M}.
In the situation of normal multipliers, recall that there exist constants K,
K5 > 0 such that for £ ~ N(0,1) and y > 0 large enough we have

2 [,
]E5€21{\E\>y} = \/—2_7'( / 2’26 /QdZ < KIP(N(O,Q) > y) < Kl eXp(—Kng).
Y
(6.23)
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Thus, we can calculate for n € N large enough on the set {1/W2 < M}

n n

n -1
T2 1,5 = 32 BN)2R, €2 n
;EEU“"E{‘UL"DI} Z} (ZI(BJ) ) BB o3 (By)*)V/2/1B7 1}
1= 1= J1= j=1

n

n
<k (NB?) B .
>~ — J i {|5i|>(J§1(B}1)2)1/2/K}

j=1
KM &
= nA, ZEE&fﬂ{\ﬁi\>(nAn/M)l/2/K}
=1
K
= A_l exp(—Kanly),

where K7 and K5 depend on M. The first inequality in the display above uses
boundedness of |B?| again and the last one follows with (6.23). Now, accord-
ing to Assumption 2.3(b) let 0 < ¢t < 1 and § > 0 with n=2%° = o(A,).
Furthermore, define § > 0 via 1+ 6 = 1/(ta — 6) and ¢ := 1/5. Then we
have nAM0 — o0 and for n > N(M) € N on the set {1/W2 < M}, using
exp(—KonA,) < (nA,)~9, we conclude

S RO Ay, oy < KA (nA,) T = Ky (nALT) 7Y (6.24)
=1

We now consider the second term on the right-hand side of (6.20), for which

n n

i . . -3/2
> BelUinl g,y <D0 (S(B1?) IR
=1 3

i=1 j=1
K~ pn

< WZBz |
" i=1

holds on {1/W2 < M}, using boundedness of | B?| again. With Lemma C.21 we
see that

B(31B01g, ) < 2B( D 1471g, ) < KnA,
i=1 i=1
Consequently,

P({1/W3 < M and KiEdUmPn{mm‘g} > (nAn)’l/‘L} N Qn)

< P({m zn: B> (nAn) 40 Qu) < K(nAy) T (625)

follows. Thus, from (6.22), (6.24) and (6.25) we see that with K > 0 from (6.20)
for each M > 0 there exists a K3 > 0 such that
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n n
P(1/W2 < M and K{ Y EU2 10, 11y + D EelUinlLg, 11y }
i=1

=1

> Ks((nAn) V4 + (nA;+5)—<?)) 0. (6.26)

Now we can show (6.19). Let 7 > 0 and according to (6.21) choose an M > 0
with P(1/W2 > M) < n/2 for all n € N. For this M > 0 choose a K3 > 0 such
that the probability in (6.26) is smaller than 7/2 for large n. Then for n € N
large enough we have

IP’(]P’g (H;;W(é, d,t0)) > xl/’") < 2%) <
B((1= 0@/7/ 1) < 20, + Kal(nh) "4+ (nA})9)
and 1/W?2 < M) +n=mn,

using (6.20) and the fact, that if 1/W?2 < M there exists a ¢ > 0 with (1 —
(/)W) > .

Thus, we have shown ff,,(ff;r;p ) (r) = oo and it remains to prove (4.17). Let
K=(1+¢)/c)/® > (1/¢)"/= for some € > 0. Then

P05 (54257 () > 0o + K, )
< ]P’(\/EDZQ 0) < 5:&?,;;”) (r) for some 6 > 0y + K@Z)
< P(V/nA,D,(6) - S (1) < 5%, (r) for some 0 > 0y + Kg}, ).
By (4.13) there exists a yo > 0 with

| ) N .
seodBE Dy(8) = Dy(60 + Kun) > (e/(1+/2)) (Ky)

for all 0 < y; < yo. Distinguishing the cases {¢} > yo} and {¢} < yo} we get
due to ¢* = 0

P(05) (5257 (1) > 0o + K, )
< P(VinBa(e/(1+¢/2))(Kep)™ —HE(1) < 225, (1) +0(1)
< PN 4+ PP 4 o(1)

with

PR — p(HgQ(l) > bn),
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1/w
where b,, = ﬁifx,;’;p)(r). Due to the choice K = ((1 + s)/c) and the

definition of ¢? it is clear that P{" = o(1), because ffﬁf‘gr;”)(r) 5 0.

Concerning P{® let F,, be the distribution function of H" (1) and let F
be the distribution function of H, ,(1). Then according to Corollary 1.3 and
Remark 4.1 in Gaenssler et al. (2007) the function F' is continuous, because
Np2(0o,t9) > 0 for some tg € R. As a consequence, by Theorem 4.4 and the
continuous mapping theorem F,, converges pointwise to F. Thus, for n > 0
choose an © > 0 with 1 — F\(z) < n/2 and conclude

P® <P(b, <z)41—Fy(z) <P(b, <)+ 1—F(z)+|F,(x) — Fz)| <n,

for n € N large enough, because of ifﬁ?gf ) (r) = oo. O

Proof of Proposition 4.13, Corollary 4.14 and Proposition 4.15. The assertions
can be obtained by a similar reasoning as in the proofs of Proposition 3.10,
Corollary 3.12 and Proposition 3.13 and we omit the details. O

Proof of the results in Example 2.5, Ezample 4.3 and Example 4.11(2).

(1) First we show that a transition kernel of the form (2.9) belongs to Q(B,ﬁ)
and the function py, ; satisfies Assumption 2.3(a2) and (a3) for p = p. Let A
denote a bound for A : [0,1] — (0, 00), then for z € (—1,1) \ {0} we obtain

sup A(Y)hp(y) p(w) (2) < A sup |2[70HW) < Az 70+,
y€[0,1] y€e(0,1]

so Definition 2.1(1) is satisfied. Furthermore, for n € N we have

sup sup A(Y)hs(y) ) (2) < A sup nitOW) < Aplts,
z€Cy y€0,1] y€[0,1]

which yields Definition 2.1(2). Definition 2.1(3) also holds, because for |z| >
2 we obtain

sup A(Y)hg(y) p)(2) < A sup |z 7PW) < A~V
y€(0,1] y€[0,1]

since p > 1. Obviously, pr, 5 : R — R is a bounded function with pz, 35(0) =0
and with the continuous derivative

2p|z|P71, for 0 < |z| <1,
p15(2) = L sign(z) x < 2p(2 — |z]), for 1 <|z|] <2,
0, for |z| > 2.

Consequently, there exists a K > 0 such that [p} ;(z)| < K|z[?~" holds
for each z € R and Assumption 2.3(a2) is satisfied. Moreover, Assumption
2.3(a3) is valid as well, since pr, 5(1) > 0 and p7, 5(2) > 0 on [1,2].
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Now we show that if additionally (4.7) and (4.8) are satisfied, kg < oo holds
and Nj(t) is a bounded function on R for each k € Ny as stated in Example
4.11(2). To this end, elementary calculations show that the function N is

given by N(y,t) = Y1 5(A(y), B(y), p(y),t) with

Yrp(a,B,p,t) =
2+’3|t|1_p for t < —2
§+P21P+4———2pt2 B3 4+ (2 - 3p)t, for —2<t<—1
La x 2'“’21 P24 24 o ,6’(1 + sign(t)[t]P~5), for —1<¢t<1
§+P21P+2p+ =25+ 2pt° — D43 + 2t — 3pt, for1<t<2
4+2p21 P ﬁ+4” +4+2+”t1 P, for t > 2.

(6.27)

Furthermore, it is well known from complex analysis that there is a domain
U c U* C C with holomorphic functions A* : U* — C, p* : U* — CP~ :=
{u € C|Re(u) < p} and p* : U* — C* := {u € C | Re(u) > 1} such that
A, B and p are the restrictions of A*, 5* and p* to U. Moreover, it can be
seen from (6.27) that for fixed ¢ € R the mapping (a, 8,p) — Y1 s(a, 5,p,t)
is partially holomorphic on C x CP~ x C'*, that is it is holomorphic in
each of the variables a, # and p when the remaining variables are fixed. By
a deep result of complex analysis in several variables which dates back to
Hartogs (1906) this implies that (a, 8,p) — Y1 5(a, 5,p,t) is holomorphic
on C x CP~ x C'* for fixed t € R (see also Remark 1.2.28 in Scheidemann
(2005)). Additionally, by Proposition 1.2.2(5) in Scheidemann (2005) the
function = : U* — C x CP~ x C'* with Z(y) := (4*(y), 8*(y),p*(y)) is
holomorphic and thus for each fixed ¢ € R the mapping y — N(y,t) is
real analytic, because it is the restriction of the holomorphic function y —
Y1 5(E(y),t) to U. Consequently, by shrinking the set U if necessary, we
have the power series expansion

o0

Z

", (6.28)

for every y € U and t € R. If kg = oo, then for any k € N and t € R we
have Ni(t) = 0. Thus, we obtain for some constant K > 0

A(y) 1—p
Upa(y) + K——22—t17PW) — Ny (¢ 6.29
L,p(y) 17p(y) 0( ) ( )
for each t > 2 and y € U, where
_ 442p 4 - 4 4p
U a(y) = LA(y) (——=2"P0) 4 —— 4 =~ 14 6.30
Lo (y) ( )(p(y)*l p—Bly) 3 ) (630

Taking the derivative with respect to y € U on both sides of (6.29) yields
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. A'(y) (1 = () + AP (¥) 1-p(s)
(y)+ K (1—p(y))2 t

—7'(y)

K A(y)
1—p(y)
for each y € U and t > 2. Hence, '(y) is equal to zero for each y € U,

because otherwise the display above is not valid for each ¢t > 2. This fact
together with (6.31) gives

log(t)t'~?W) =0, (6.31)

U a(y) + Kilil €] () )tl_ﬁ(y) =0,

for all y € U and t > 2. Consequently, A’(yy) = 0 holds for every y € U and
with (6.30) we obtain

1s(W) =4LA00)B' (y)(p— By)) > =0, (yeU)

which implies 3'(y) = 0 for all y € U. Thus, kg = oo contradicts the
assumption that at least one of the functions A, 5 and p is non-constant.

The following consideration will be helpful in order to show that Ny () is
bounded in ¢t € R for each k € Ny. Let f1, fo : U x R — R be functions,
which are arbitrarily often differentiable with respect to y € U for fixed
t € R such that for each ¢ € Ny the ¢-th derivatives with respect to y satisfy

sup{| /1" (60, )| V 113" (6o, 1)1} < K (K1)’
€

for some constant K > 0 which does not depend on /. (Here we set 0° := 1.)
Then by the product formula for higher derivatives we obtain for the ¢-th
derivative with respect to y of the product of f; and f

up | (£142)' (0o.) |—sup‘2(> D (600,015 (00, 1)

e ) < K(K0)".

< KAK0Y (g

i=0 M
Observing (6.27) now yields a constant K > 0 such that
sup | Ny (t)] < K(K¢)* (6.32)
terR

for each ¢ € Ny as soon as we can show that there exists a K > 0 such that
for every ¢ € Ny the following bounds for the derivatives hold

A (9y)| < K(K0), (6.33)
‘(ﬁ( ) ( < K(K?), (6.34)
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1 Q)
———) (6| < K(K0)", 6.35
(G—5) @)= KD (6.35)
NG
sup (tlw(y)) (60)| < K(K0)Y, (6.36)
t>2
NN
sup ‘(t”_ﬁ(y)) (60)| < K (K0 (6.37)
te[0,1]

Let A(y) = > ,2, Ae(y — o) be the power series expansion of the real
analytic function A around 6y. By the definition of real analytic functions
this power series has a positive radius of convergence and due to the Cauchy-
Hadamard formula this is equivalent to the existence of a constant K > 0
with |A4,| < K for each ¢ € Ny. Thus, because of A)(0,) = !4, for
each ¢ € Ny, (6.33) follows. By assumption in Example 4.3 we have 3(y) <
ﬁA <1 \/B < p < p(y) for each y € U. As a consequence, the functions
Y — ;3(7,—1)4 and y — m are real analytic on U as compositions of real
analytic functions. So the same reasoning as above yields (6.34) and (6.35).
Let the affine linear functions 3 and p be given by B(y) = Bo + B1(y — o)

and p(y) = po + p1(y — o). Then for £ € Ny, t > 0 we have

(tl—ﬁ(y)> (2)(90) = ' (—py log(t))",

and for £ € Ny let h{” : (0,00) — R be defined by hy"(t) = t'=Po(log(t))".
hS” is clearly bounded in ¢ > 2 due to pg > 1 and for ¢ € N the only possible
roots of the derivative of h}"” int € (0,00) aret = 1 and ¢ = exp{¢/(po—1)}.
Thus, we obtain for the supremum in (6.36)

sup | (#7700)" (80)| < | mae {217 bog(2)", () e} < (acty’

t>2 po—1

for each ¢ € Ny, because lim;_, h;l)(t) = 0. Similarly, we have for ¢ € N,
t>0

(tﬁ—é(y)) © (6) = tP=P0 (1 log(t))*

and for £ € Ny let hy” : (0,1] — R be defined by hy” (t) = tP=Po(log(t))".
For ¢ € N the only possible roots in (0, 1] of the derivative of h}” are t = 1
and t = exp{—¢/(p — Po)}. As a consequence, we obtain for each ¢ € Ny for
the supremum in (6.37)

Y4
D — 5o

sup ‘(tﬁ’a(y))(é)(ﬁo)‘ < |/31|‘( )ee*f < K(K?),

t€(0,1]

because lim;_,o hy” (£) = 0. Notice that for ¢ = 0 the function y =B ig
zero constant and for £ = 0 the function ¢ + t?~% is bounded by 1 on [0, 1]
due to p > fy.
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(3) The expansion (4.18) can be deduced along the same lines as in step (3) of
the proof of the results in Example 2.3 and Example 4.6(2) in Hoffmann
et al. (2017) by using (6.28) and (6.32) instead of their equations (6.58) and
(6.61). Furthermore, due to expansion (4.18) the quantity defined in (4.3)
is clearly given by 6. O

Supplementary Material

Supplement: Proofs and technical details
(doi: 10.1214/19-EJS1610SUPP; .pdf).
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