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Abstract

Let X be a Lévy process with regularly varying Lévy measure v. We
obtain sample-path large deviations for scaled processes X, (t) £ X (nt)/n
and obtain a similar result for random walks. Our results yield detailed
asymptotic estimates in scenarios where multiple big jumps in the incre-
ment are required to make a rare event happen; we illustrate this through
detailed conditional limit theorems. In addition, we investigate connec-
tions with the classical large deviations framework. In that setting, we
show that a weak large deviation principle (with logarithmic speed) holds,
but a full large deviation principle does not hold.
Keywords Sample Path Large Deviations - Regular Variation - M-
convergence - Lévy Processes
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1 Introduction

In this paper, we develop sample-path large deviations for one-dimensional Lévy
processes and random walks, assuming the jump sizes are heavy-tailed. Specif-
ically, let X (¢),t > 0, be a centered Lévy process with regularly varying Lévy
measure v. Assume that P(X(1) > z) is regularly varying of index —«, and
that P(X (1) < —z) is regularly varying of index —f; i.e. there exist slowly
varying functions L4 and L_ such that

P(X(1)>x)=Ly(x)z™“, P(X(1) < —z) = L_(x)z~". (1.1)

Throughout the paper, we assume «, 3 > 1. We also consider spectrally one-
sided processes; in that case only «a plays a role. Define X, = {X,(t),t € [0,1]},
with X,,(t) = X(nt)/n,t > 0. We are interested in large deviations of X,,.
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This topic fits well in a branch of limit theory that has a long history, has
intimate connections to point processes and extreme value theory, and is still
a subject of intense activity. The investigation of tail estimates of the one-
dimensional distributions of X,, (or random walks with heavy-tailed step size
distribution) was initiated in Nagaev (1969, 1977). The state of the art of such
results is well summarized in Borovkov and Borovkov (2008); Denisov et al.
(2008); Embrechts et al. (1997); Foss et al. (2011). In particular, Denisov et al.
(2008) describe in detail how fast z needs to grow with n for the asymptotic
relation

P(X(n)>z)=nP(X(1) >z)(1+0(1)) (1.2)

to hold, as n — oo, in settings that go beyond (1.1). If (1.2) is valid, the so-
called principle of one big jump is said to hold. A functional version of this
insight has been derived in Hult et al. (2005). A significant number of stud-
ies investigate the question of if and how the principle of a single big jump is
affected by the impact of (various forms of) dependence, and cover stable pro-
cesses, autoregressive processes, modulated processes, and stochastic differential
equations; see Buraczewski et al. (2013); Foss et al. (2007); Hult and Lindskog
(2007); Konstantinides and Mikosch (2005); Mikosch and Wintenberger (2013,
2016); Mikosch and Samorodnitsky (2000); Samorodnitsky (2004).

The problem we investigate in this paper is markedly different from all of
these works. Our aim is to develop asymptotic estimates of P(X,, € A) for a
sufficiently general collection of sets A, so that it is possible to study continuous
functionals of X,, in a systematic manner. For many such functionals, and
many sets A, the associated rare event will not be caused by a single big jump,
but multiple jumps. The results in this domain (e.g. Blanchet and Shi (2012);
Foss and Korshunov (2012); Zwart et al. (2004)) are few, each with an ad-hoc
approach. As in large deviations theory for light tails, it is desirable to have
more general tools available.

Another aspect of heavy-tailed large deviations we aim to clarify in this
paper is the connection with the standard large-deviations approach, which has
not been touched upon in any of the above-mentioned references. In our setting,
the goal would be to obtain a function I such that

— inf I(§) < liminfw < limsupw < — inf I(§),
£€A° n—00 logn N 00 logn tcA

(1.3)
where A° and A are the interior and closure of A; all our large deviations
results are derived in the Skorokhod J; topology. Equation (1.3) is a classical
large deviations principle (LDP) with sub-linear speed (cf. Dembo and Zeitouni
(2009)). Using existing results in the literature (e.g. Denisov et al. (2008)), it is
not difficult to show that X (n)/n = X,,(1) satisfies an LDP with rate function
I, = I (z) which is 0 at 0, equal to (aw—1) if x > 0, and (8 —1) if z < 0. This is
a lower-semicontinuous function of which the level sets are not compact. Thus,
in large-deviations terminology, I is a rate function, but is not a good one.
This implies that techniques such as the projective limit approach cannot be
applied. In fact, in Section 4.4, we show that there does not exist an LDP of the



form (1.3) for general sets A, by giving a counterexample. A version of (1.3) for
compact sets is derived in Section 4.3, as a corollary of our main results. A result
similar to (1.3) for random walks with semi-exponential (Weibullian) tails has
been derived in Gantert (1998) (see also Gantert (2000); Gantert et al. (2014)
for related results). Though an LDP for finite-dimensional distributions can be
derived, lack of exponential tightness also persists at the sample-path level. To
make the rate function good (i.e., to have compact level sets), a topology chosen
in Gantert (1998) is considerably weaker than any of the Skorokhod topologies
(but sufficient for the application that is central in that work).

The approach followed in the present paper is based on the recent develop-
ments in the theory of regular variation. In particular, in Lindskog et al. (2014),
the classical notion of regular variation is re-defined through a new convergence
concept called M-convergence (this is in itself a refinement of other reformu-
lations of regular variation in function spaces; see de Haan and Lin (2001);
Hult and Lindskog (2005, 2006)). In Section 2, we further investigate the M-
convergence framework by deriving a number of general results that facilitate
the development of our proofs.

This paves the way towards our main large deviations results, which are
presented in Section 3. We actually obtain estimates that are sharper than
(1.3), though we impose a condition on A. For one-sided Lévy processes, our
result takes the form

A%) <1 fo 7 =1 (. oe) 7 = N
Cria)(A%) < im in (nvfn, 00))d @ = 1m sup (nv[n,o0))7(A) — CJ(A)((l) )

Precise definitions can be found in Section 3.1; for now we just mention that C;
is a measure on the Skorokhod space, and J(+) is an integer valued set function
defined as J(A) = inf,_ 4 pr D+(§), where D (€) is the number of discontinu-

ites of &, and D] is the set of all non-increasing step functions vanishing at the
origin. Throughout the paper, we adopt the convention that the infimum over
an empty set is co. Letting ID; and D; be the sets of step functions vanishing at
the origin with precisely j and at most j — 1 steps respectively, we note that the
measure Cj, defined on D\ D; has its support on ;. A crucial assumption for
(1.4) to hold is that the Skorokhod J; distance between the sets A and D 7(4)
is strictly positive. For A such that J(A) = 1 this result corresponds to the
one shown in Hult et al. (2005). (Note that Hult et al. (2005) deals with multi-
variate regular variation whereas we focus on 1-dimensional regular variation in
this paper.) The interpretation of the “rate function” J(A) is that it provides
the number of jumps in the Lévy process that are necessary to make the event
A happen. This can be seen as an extension of the principle of a single big jump
to multiple jumps. A rigorous statement on when (1.4) holds can be found in
Theorem 3.2, which is the first main result of the paper.

The result that comes closest to (1.4) is Theorem 5.1 in Lindskog et al. (2014)
which considers the M-convergence of v[n,o0) /P (X/n € A). This result could
be used as a starting point to investigate rare events that happen on a time-scale
of O(1). However, in the large-deviations scaling we consider, rare events that



happen on a time-scale of O(n). Controlling the Lévy process on this larger
time-scale requires more delicate estimates, eventually leading to an additional
factor n/ in the asymptotic results. We further show that the choice j = J(A)
is the only choice that leads to a non-trivial limit. One useful notion that we
develop and rely on in our setting is a form of asymptotic equivalence, which
can best be compared with exponential equivalence in classical large deviations
theory.

In Section 3.2 we present sample-path large deviations for two-sided Lévy
processes. Our main results in this case are Theorems 3.3-3.5. In the two-sided
case, determining the most likely path requires resolving significant combinato-
rial issues which do not appear in the one sided case. The polynomial rate of
decay for P(X,, € A), which was described by the function J(A) in the one-
sided case, has a more complicated description; the corresponding polynomial
rate in the two-sided case is

f (a—1)DL(E) + (8~ DD Q). (L5)
§,CeDs; E—CeA

Note that this is a result that one could expect from the result for one-sided
Lévy processes and a heuristic application of the contraction principle. A rigor-
ous treatment of the two-sided case requires a more delicate argument compared
to the one-sided case: in the one-sided case, the argument simplifies since if one
takes j largest jumps away from X,,, then the probability that the residual pro-
cess is of significant size is o((nv[n, 00))7) so that it does not contribute in (1.4),
while in two-sided case, taking j largest upward jumps and k largest downward
jumps from X,, doesn’t guarantee that the residual process remains small with
high enough probability—i.e., the probability that the residual process is of sig-
nificant size cannot be bounded by o((nv[n, 50))? (nv(—o0, —n])*). In addition,
it may be the case that multiple pairs (j, k) of jumps lead to optimal solutions of
(1.5). To overcome such difficulties, we first develop general tools—Lemma 2.2
and 2.3—that establish a suitable notion of M-convergence on product spaces.
Using these results, we prove in Theorem 5.1 the suitable M-convergence for
multiple Lévy processes in the associated product space. Viewing the two-sided
Lévy process as a superposition of one-sided Lévy processes, we then apply the
continuous mapping principle for M-convergence to Theorem 5.1 to establish our
main results. Although no further implications are discussed in this paper, we
believe that Theorem 5.1 itself is of independent interest as well because it can
be applied to generate large deviations results for a general class of functionals
of multiple Lévy processes.

We derive analogous results for random walks in Section 4.1. Random walks
cannot be decomposed into independent components with small jumps and large
jumps as easily as Lévy processes, making the analysis of random walks more
technical if done directly. However, it is possible to follow an indirect approach.
Given a random walk Sy, k > 0, one can study a subordinated version Sy ),t >
0 with N(t),t > 0 an independent unit rate Poisson process. The Skorokhod
Ji distance between rescaled versions of Sk, k > 0 and Sy(),t > 0 can then
be bounded in terms of the deviations of N(¢) from ¢, which have been studied



thoroughly.

In Section 4.2, we provide conditional limit theorems which give a precise
description of the limit behavior of X,, given that X,, € A as n — co. An early
result of this type is given in Durrett (1980), which focuses on regularly varying
random walks with finite variance conditioned on the event A = {X,(1) > a}.
Using the recent results that we have discussed (e.g. Hult et al. (2005)) more
general conditional limit theorems can be derived for single-jump events.

We prove an LDP of the form (1.3) in Section 4.3, where the upper bound
requires a compactness assumption. We construct a counterexample showing
that the compactness assumption cannot be totally removed, and thus, a full
LDP does not hold. Essentially, if a rare event is caused by j big jumps, then the
framework developed in this paper applies if each of these jumps is bounded away
from below by a strictly positive constant. Our counterexample in Section 4.4
indicates that it is not trivial to remove this condition.

As one may expect, it is not possible to apply classical variational methods
to derive an expression for the exponent J(A), as is often the case in large
deviations for light tails. Nevertheless, there seems to be a generic connection
with a class of control problems called impulse control problems. Equation (1.5)
is a specific deterministic impulse-control problem, which is related to Barles
(1985). We expect that techniques similar to those in Barles (1985) will be
useful to characterize optimality of solutions for problems like (1.5). The latter
challenge is not taken up in the present study and will be addressed elsewhere.
Instead, in Section 6, we analyse (1.5) directly in several examples; see also
Chen et al. (2017). In each case, a condition needs to be checked to see whether
our framework is applicable. We provide a general result that essentially states
that we only need to check this condition for step functions in A, which makes
this check rather straightforward.

In summary, this paper is organized as follows. After developing some pre-
liminary results in Section 2, we present our main results in Section 3. Appli-
cations to random walks and connections with classical large deviations theory
are investigated in Section 4. Section 5 is devoted to proofs. We collect some
useful bounds in Appendix A.

2 M-convergence

This section reviews and develops general concepts and tools that are useful in
deriving our large deviations results. The proofs of the lemmas and corollaries
stated throughout this section are provided in Section 5.1. We start with briefly
reviewing the notion of M-convergence, introduced in Lindskog et al. (2014).
Let (S,d) be a complete separable metric space, and .# be the Borel o-
algebra on S. Given a closed subset C of S, let S\ C be equipped with the
relative topology as a subspace of S, and consider the associated sub o-algebra
Foc =2 {A: ACS\C, A€ .7} onit. Define C" £ {z €S:d(z,C) <r}
for 7 > 0, and let M(S \ C) be the class of measures defined on .75 ¢ whose
restrictions to S\ C” are finite for all » > 0. Topologize M(S \ C) with a sub-



basis {{r € M(S\ C) : v(f) € G}: f € Cs\¢, G open in R} } where Cs\c is the
set of real-valued, non-negative, bounded, continuous functions whose support
is bounded away from C (i.e., f(C") = {0} for some r > 0). A sequence of
measures f, € M(S\ C) converges to p € M(S\ C) if u,(f) — u(f) for each
f € Cs\c. Note that this notion of convergence in M(S \ C) coincides with the
classical notion of weak convergence of measures (Billingsley, 2013) if C is an
empty set. We say that a set A C S is bounded away from another set B C S if
infyeayep d(z,y) > 0. An important characterization of M(S \ C)-convergence
is as follows:

Theorem 2.1 (Theorem 2.1 of Lindskog et al., 2014). Let p, u, € M(S\ C).
Then i, — p in M(S\ C) as n — oo if and only if

lim sup py, (F) < p(F) (2.1)
n—oo
Jor all closed F € S5 ¢ bounded away from C and
lim inf 2, (G) > (@) (2:2)

for all open G € S5\¢ bounded away from C.

We now introduce a new notion of equivalence between two families of ran-
dom objects, which will prove to be useful in Section 3.1, and Section 4.1. Let
Fs 2 {z €S:d(z,F) <d} and G° £ ((G°;)¢. (Compare these notations
to C”; note that we are using the convention that superscript implies open sets
and subscript implies closed sets.)

Definition 1. Suppose that X,, and Y, are random elements taking values in
a complete separable metric space (S,d), and €, is a sequence of positive real
numbers. Yy, is said to be asymptotically equivalent to X, with respect to €, if
for each § > 0,
limsupe, 'P(d(X,,,Y,) > 6) = 0.
n—oo

The usefulness of this notion of equivalence comes from the following lemma,
which states that if Y,, is asymptotically equivalent to X,,, and X,, satisfies a
limit theorem, then Y,, satisfies the same limit theorem. Moreover, it also allows
one to extend the lower and upper bounds to more general sets in case there are

asymptotically equivalent distributions that are supported on a subspace Sy of
S:

Lemma 2.1. Suppose that €, 'P(X,, € ) — u(-) in M(S\C) for some sequence
€n and a closed set C. In addition, suppose that u(S\ Sp) = 0 and P(X,, €
So) =1 for each n. If'Y,, is asymptotically equivalent to X, with respect to €,,
then

lim gfeglP(Yn €G) > u(G)

n—

if G is open and G NSy is bounded away from C;
limsupe, 'P(Y, € F) < u(F)

n—oo

if F is closed and there is a § > 0 such that F5s NSy is bounded away from C.



This lemma is particularly useful when we work in Skorokhod space, and Sy
is the class of step functions. Taking So = S, a simpler version of Lemma 2.1
follows immediately:

Corollary 2.1. Suppose that €;'P(X, € -) — u(-) in M(S\ C) for some
sequence €,. If Y, is asymptotically equivalent to X,, with respect to €,, then
the law of Y, has the same (normalized) limit, i.e., e, P(Y,, € -) — u(-) in
M(S\ C).

Next, we discuss the M-convergence in a product space as a result of the
M-convergences on each space.

Lemma 2.2. Suppose that S1,...,Sq are separable metric spaces, Cy,...,Cq
are closed subsets of Sy,...,Sy, respectively. If ,ugf)(-) — D) in M(S; \ C;)
for each i =1,...,d then,

/1‘7(11) X o0 X Mfzd)() — /J‘(l) X oo X M(d)() (23)

in M( (T, 8 \ ULy (TT2585) % Co x (TT-i2155) ).

It should be noted that Lemma 2.2 itself is not exactly “right” in the sense
that the set we take away is unnecessarily large, and hence, has limited applica-
bility. More specifically, the M-convergence in (2.3) applies only to the sets that
are contained in a “rectangular” domain H?:l(Si \ C;). Our next observation
allows one to combine multiple instances of M-convergences to establish a more
refined one so that (2.3) applies to a class of sets that are not confined to a
rectangular domain. In particular, we will see later in Theorem 3.3 and The-
orem 5.1 that in combination with Lemma 2.2, the following lemma produces
the “right” M-convergence for two-sided Lévy processes and random walks.

Lemma 2.3. Consider a family of measures {u(i)}i:0,17,,_,m and a family of

closed subsets {C(i)}i=0.1,..m of S such that TI(OP(XTL € ) — pi) in

M(S \ C()) for i = 0,...,m where {{e,(i) : n > 1}}._ |
of associated normalizing sequences. Suppose that p® € M(S\ ML, C(4));

limsup,,_, % =0 fori=1,...,m; and for each r > 0, there exist positive

numbers o, ..., ry such that ;- C(i)" € (N, (C(i))r. Then

is the family

P(X, €- (0)

in B(S \ (V2 C(3)).

A version of the continuous mapping principle is satisfied by M-convergence.

Let (S',d’) be a complete separable metric space, and let C' be a closed subset
of §'.

Theorem 2.2 (Mapping theorem; Theorem 2.3 of Lindskog et al. (2014)). Let
h:(S\C,Ss\c) = (S'\C, Fn¢) be a measurable mapping such that h=(A’)



is bounded away from C for any A" € Fsn\¢ bounded away from C'. Then
h:M(S\ C) = M(S'\ C') defined by h(v) = voh~" is continuous at p provided
w(Dyp) =0, where Dy, is the set of discontinuity points of h.

For our purpose, the following slight extension will prove to be useful in
developing rigorous arguments.

Lemma 2.4. Let Sy be a measurable subset of S, and h : (Sp,-%s,) — (S'\
C, YS’,\C,) be a measurable mapping such that h=1(A’) is bounded away from C

for any A" € F5nc bounded away from C'. Then h:M(S\C) — M(S' \ C)
defined by h(v) = voh™! is continuous at p provided that 1(8Sy \ C™) = 0 and
w(Dp \ C") =0 for all r > 0, where Dy, is the set of discontinuity points of h.

When we focus on Lévy processes, we are specifically interested in the
case where S is RS x [0,1]°, where RS 2 {o € RY : 21 > a5 > ...},
and S’ is the Skorokhod space D = I([0,1],R) — the space of real-valued
RCLL functions on [0,1]. We use the usual product metrics de¢ (z,y) =

pOya m;% and djo 1) (2,y) = >y MT_,W for R?* and [0,1]>, respec-
tively. For the finite product of metric spaces, we use the maximum metric;
. A

ie., we use ds, x...xs, (1, .-, 2a), (Y1,.-,Ya)) = max;=1, . ads,(x;,y;) for the
product S; X «-+ X Sy of metric spaces (S;,ds,). For D, we use the usual Sko-
rokhod J; metric d(x,y) £ infyep ||A —e|| V ||z o A — y||, where A denotes the
set of all non-decreasing homeomorphisms from [0, 1] onto itself, e denotes the

identity, and || - | denotes the supremum norm. Let

S; £ {(z,u) € Rfi x [0,1]%°:0,1,u1,...,u; are all distinct}.

This set will play the role of Sg of Lemma 2.4. Define 7 : S; — D to be
Ti(z,u) = Zgzl xilpy,,1)- Let D; be the subspaces of the Skorokhod space
consisting of nondecreasing step functions, vanishing at the origin, with exactly
J jumps, and Dg; = Uogz‘gj D;—i.e., nondecreasing step functions vanishing
at the origin with at most j jumps. Similarly, let D; = U0§i<jDi' Define
H; 2 {z € R® : 2 > 0,2j41 = 0}, and He; 2 {z € R™ : 2; = 0}. The
continuous mapping principle applies to T}, as we can see in the following result.

Lemma 2.5 (Lemma 5.3 and Lemma 5.4 of Lindskog et al., 2014). Suppose
A C D is bounded away from D« ;. Then, Tj_l(A) is bounded away from Hc ; x
[0,1]°°. Moreover, T : S; — D is continuous.

A consequence of Result 2.5 and Lemma 2.4 along with the observation that
S; is open is that one can derive a limit theorem in a path space from a limit
theorem for jump sizes.

Corollary 2.2. If ju, — p in M((RT x [0,1]%)\ (H ; x [0,1]%)), and p(S$\
(He; x [0,1]°°)7) =0 for all v > 0, then pu, o T; ' — poT; ' in M(D\ D).



To obtain the large deviations for two-sided Lévy measures, we will first
establish the large deviations for independent spectrally positive Lévy processes,
and then apply Lemma 2.4 with h(£,{) = £ — (. The next lemma verifies two
important conditions of Lemma 2.4 for such h. Let D, ,, denote the subspace
of the Skorokhod space consisting of step functions vanishing at the origin with
exactly [ upward jumps and m downward jumps. Given o, 3 > 1, let D =
Utmyer< s Pim and Dy = Ugmyere jx Di X D, where T i = {(I,m) €
ZZ\A{(G,k)} s (=Dl + (B—1)m < (a—1)j + (8 — 1)k} and Z, denotes the
set of non-negative integers. Note that in the definition of I ; x, the inequality
is not strict; however, we choose to use the strict inequality in our notation to
emphasize that (7, k) is not included in I ;.

Lemma 2.6. Let h : D x D — D be defined as h(¢,() = & — (. Then, h is
continuous at (§,¢) € D x D such that (£(t) — &(t—))(C(t) — ¢(t—)) = 0 for all
t € (0,1]. Moreover, h='(A) C D x D is bounded away from D ;) for any
A C D bounded away from D j .

We next characterize convergence-determining classes for the convergence in
M(S\ C).

Lemma 2.7. Suppose that (i) A, is a m-system; (ii) each open set G C S
bounded away from C is a countable union of sets in A,; and (iii) for each
closed set F C S bounded away from C, there is a set A € A, bounded away
from C such that F C A° and u(A\ A°) = 0. If, in addition, p € M(S\ C)
and pn,(A) — u(A) for every A € A, such that A is bounded away from C, then
pn — poin M(S\ C).

Remark 1. Since S is a separable metric space, the Lindeldf property holds.
Therefore, a sufficient condition for assumption (i) of Lemma 2.7 is that for
every x € S\ C and € > 0, there is A € A, such that x € A° C B(z,€). To see
that this implies assumption (ii), note that for any given open set G, one can
construct a cover {(A,)° : x € G} of G by choosing A, so that x € (A;)° C G
and then extract a countable subcover (due to the Lindeldf property) whose union
is equal to G. Note also that if A in assumption (i) is open, then u(A\ A°) =
w(®) = 0 automatically.

3 Sample-Path Large Deviations

In this section, we present large-deviations results for scaled Lévy processes with
heavy-tailed Lévy measures. Section 3.1 studies a special case, where the Lévy
measure is concentrated on the positive part of the real line, and Section 3.2
extends this result to Lévy processes with two-sided Lévy measures. In both
cases, let X,,(t) £ X (nt) be a scaled process of X, where X is a Lévy process

with a Lévy measure v. Recall that X,, has It6 representation (see, for example,



Section 2 of Kyprianou, 2014):
X, (s) =nsa+ B(ns)

! /z<1 2[N([0,ns] x dz) — nsv(dz)] +/ N([0,ns] x dz),

|z|>1

with a a drift parameter, B a Brownian motion, and N a Poisson random
measure with mean measure Lebxv on [0, n] x (0, 00); Leb denotes the Lebesgue
measure.

3.1 One-sided Large Deviations

Let X be a Lévy process with Lévy measure v. In this section, we assume
that v is a regularly varying (at infinity, with index —a < —1) Lévy measure
concentrated on (0, 00). Consider a centered and scaled process

1
Xa(s) 2 ﬁXn(s) —sa —pfvfs, (3.1

where pf £ ﬁ Jit 00y 27 (dz), and vt 2 [1,00). For each constant vy > 1, let

v (m,00) £ 277, and let V! denote the restriction (to Rf) of the j-fold product

measure of v.,. Let Cp(-) £ Jo(-) be the Dirac measure concentrated on the
zero function. Additionally, for each j > 1, define a measure C; € M(D \ D ;)

concentrated on D; as C;(-) = E[ugy{y € (0,00) : Zgzl yiliw, 1) € }}7 where
the random variables U;,4 > 1 are i.i.d. uniform on [0, 1].

The proof of the main result of this section hinges critically on the following
limit theorem.

Theorem 3.1. For each j > 0,
(nu[n,oo))*jP(Xn €)= C;(v), (3.2)

in M(D \ D<), as n — oo. Moreover, X, is asymptotically equivalent to a
process that assumes values in D¢ 704y almost surely.

Proof Sketch. The proof of Theorem 3.1 is based on establishing the asymptotic
equivalence of X,, and the process obtained by just keeping its j biggest jumps,
which we will denote by jngj in Section 5. Such an equivalence is established via
Proposition 5.1, and Proposition 5.2. Then, Proposition 5.3 identifies the limit
of jn<3 , which coincides with the limit in (3.2). The full proof of Theorem 3.1

is provided in Section 5.2. O

Recall that DI denotes the subset of I consisting of non-decreasing step
functions vanishing at the origin, and D, (£) denotes the number of upward
jumps of an element £ in D. Finally, set

J(A)E inf D(e). (3.3)

£eDINA
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Now we are ready to present the main result of this section, which is the following
large-deviations theorem for X,.

Theorem 3.2. Suppose that A is a measurable set. If J(A) < oo, and if
As NDg gy is bounded away from D 74y for some > 0, then

P(X,
CJ@M(A9)<lggg§(nyéL»ji4
ﬂ)ﬁ%—%mM}

(3.4)

< limsup

n—oo (

If T(A) = o0, and As N Dgiy1 is bounded away from Dg; for some § > 0 and
1 >0, then ~

P(X, € A)

n—oo (nv[n, co))?

= 0. (3.5)

In particular, in case J(A) < oo, (3.4) holds if A is bounded away from D 7(a);
in case J(A) = o0, (3.5) holds if A is bounded away from Dg;.

Proof. We first consider the case J(A) < co. Note that J(A°) > J(A) implies
that A° doesn’t contain any element of D¢ 7(4). Since Cz(4) is supported on
D¢ g(ay, A° is a Cz(a)-null set. Therefore, the lower bound holds trivially if
J(A°) > J(A). On the other hand, J(A) = J(A). To see this, suppose
not—i.e., J(A) < J(A). Then, there exists ¢ € D] N A such that { € D 7(4).
This implies that ¢ € As N D¢ 4y for any ¢ > 0, which is contradictory to the
assumption that As N D¢y is bounded away from D 7(4) for some J > 0.
In view of these observations, we can assume w.l.o.g. that J(A°) = J(4) =
J(A). Now, from Theorem 3.1 with j = J(A°) along with the lower bound of

Lemma 2.1,
o oy oo P(Xy € A°)
Caa)(A%) = Cra) (A7) < minf o= oty
< lim inf PX, €4)

n— 00 (ny[n’ oo))j(A) ’

Similarly, from Theorem 3.1 with j = J(A) along with the upper bound of
Lemma 2.1,

lim s P(X, € A) ) P(

msup ————— 1+

ey (nvn, o)) = Lo (nr]n, 00))d
< Cya)(4) = Cga)(A).

In case J(A) = oo, we reach the conclusion by applying Theorem 3.1 with j =i
along with noting that C;(A) = 0. O

Theorem 3.2 dictates the “right” choice of j in Theorem 3.1 for which (3.2)
can lead to a limit in (0, 00). We conclude this section with an investigation of

11



a sufficient condition for C;-continuity; i.e., we provide a sufficient condition on
A which guarantees C'j(0A) = 0. The latter property implies

Cj(A°) = C;(A) = C;(4), (3.6)

implying that the liminf and limsup in our asymptotic estimates yield the
same result. Assume that A is a subset of D; bounded away from D. ;; i.e.,
d(A,Dc;) > v for some v > 0. Consider a path £ € A. Note that ev-
ery £ € D; is determined by the pair of jump sizes and jump times (x,u) €
(0,00)7 x [0,1]7; ie., &(t) = Y74 @ily, 1)(t). Formally, we define a map-
ping Tj : S; — D; by Tj(x,u) = 7, x;1[y, 1), Where S; & {(x,u) € Rﬁ} X
[0,1]9 : 0,1,uq,...,u; are all distinct}. Since d(A,D<;) > v, we know that
Tj(z,u) € A implies z € (v,00)7; see Lemma 5.4 (b). In view of this, we can
see that (3.6) holds if the Lebesgue measure of Tj_l(aA) is 0 since C;(A4) =
f(wﬂl/)ej—,.—l(A) dudv? (z). One of the typical settings that arises in applications is
that th(; set A can be written as a finite combination of unions and intersections
of 7 (A1), ..., ¢ (An), where each ¢; : D — S; is a continuous function, and
all sets A; are subsets of general topological space S;. If we denote this operation
of taking unions and intersections by ¥ (i.e., A = \Il((bfl(Al), e 0 (AW))),
then

U(py (A7), 0 (A7) CA° CACACU(P (A1), 05 (Am)).

Therefore, (3.6) holds if 75 (W (¢7 (A1), ., 5! (Am))) \ T; (U (g7 H(AS), ...,
d-L(AS))) has Lebesgue measure zero. A similar principle holds for the limit
measures Cjj, defined in the next section where we deal with two-sided Lévy
processes.

3.2 Two-sided Large Deviations

Consider a two-sided Lévy measure v for which v[z, o0) is regularly varying with
index —a and v(—o0, —x] is regularly varying with index —f. Let

1 _
Xo(s) 2 = Xo(s) = sa— (uf v — uyvi)s,

n
where
1
T —+/ zv(dz), v 2 [l 00),
vy [1,00)
-1
Ml_éi .T,'l/(dl'), Vl_él/(_oov_l]‘
V1 J(=o00,—1]

Recall the definition of D; ; given below Corollary 2.2, and the definition of v/
and 1/’5 as given below (3.1). Let Cp(-) £ do(-) be the Dirac measure concen-
trated on the zero function. For each (j,k) € Z% \ {(0,0)}, define a measure

12



Cjx € M(D \ D.;) concentrated on Djj as Cjx(-) = E[V& X V’é{(x,y) €

(0,00)7 x (0,00)% = S7_, zily, 1 — Zle yilpy, 1) € }], where U;’s and V;’s
are 1.i.d. uniform on [0, 1]. Recall that D;; = U(l,m)eﬂ<j,k Dy and I< g,k =
{(tm) € ZZ\{(.F)}: (a = 1)l + (B~ 1)m < (o= 1)j + (B — 1)k}

As in the one-sided case, the proof of the main theorem of this section hinges
on the following limit theorem.

Theorem 3.3. For each (j, k) € Z2,
(nv[n, 00)) ™ (nv(—o0, —n]) *P (X, € -) = Cji() (3.7)
in M(D \ D<j 1) as n — oo.

The proof of Theorem 3.3 builds on Theorem 3.1, using Lemma 2.2, Lemma 2.3,
and Lemma 2.6 and Theorem 5.1. We provide the full proof in Section 5.2.
Let Z(j,k) = (a—1)j+(B—1)k, and consider a pair of integers (7 (A), K(A))
such that
(J(A),K(A)) € argmin Z(j, k). (3.8)
(4,k)€Z?.
D; s NAFD

The next theorem is the first main result of this section.
Theorem 3.4. Suppose that A is a measurable set. If the argument minimum in

(3.8) is non-empty and A is bounded away from D 7.4y x(a), then the argument
minimum is unique and

. P(Xn € A) c

lim inf (nv[n, 00))7 ) (ny(—o0, —n])(A) = Crinxad) (3.9)
_ P(X, € A) '
lim sup

) < Cgeayxa)(A).

nooo  (nv[n, 00)) (A (ny(—oco, —n

Moreover, if the argument minimum in (3.8) is empty and A is bounded away
from Doy UDy, for some (I,m) € Z3.\ {(0,0)}, then

- P(X, € A)
n—oo (nv[n, 00))!(nv(—oo, —n])m

—0. (3.10)

The proof of the theorem is provided below as a consequence of the following
lemma.

Lemma 3.1. Suppose that a sequence of D-valued random elementsY,, satisfies
(3.7) (with X, replaced with Y,,) for each (j,k) € Z2.. Then (3.9) (with X,
replaced with Y,,) holds if A is a measurable set for which the argument minimum
in (3.8) is non-empty, and A is bounded away from D 7(a)x(a). Moreover,
(3.10) (with X,, replaced with Y, ) holds if the argument minimum in (3.8) is
empty and A is bounded away from Dy, UDy p, for some (I,m) € Z2 \{(0,0)}.

The proof of this lemma is provided in Section 5.2.
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Proof of Theorem 3.4. The uniqueness of the argument minimum is immediate
from the assumption that A is bounded-away from D, 7(4) x(4). Since X, sat-
isfies (3.7) by Theorem 3.3, the conclusion of the theorem follows from applying
Lemma 3.1 with Y, = X,,. O

In case one is interested in a set for which the argmin of Z in (3.8) is not
unique, a natural approach is to partition A into smaller sets and analyze each
element separately. In the next theorem, we show that this strategy can be
successfully employed with a minimal requirement on A. However, due to the
presence of two different slowly varying functions n®v[n, o0) and n°v(—oo0, —n),
the limit behavior may not be dominated by a single Dy ,,.

To deal with this case, let I_; ; = {(I,m) : (a = D)l + (B —1)m = (o —1)j +
(B -1k}, Ijne 2 {(Lm) : (a = 1)l + (B~ 1)m < (@ —1)j + (B - 1)k}, D £
Uamyer, . Diym, and Dk £ Umyeie; » Dim- Denote the slowly varying
functions n®v[n, oo) and n’v(—oo, —n| with L, (n) and L_(n), respectively.
Theorem 3.5. Let A be a measurable set and suppose that the argument min-
imum in (3.8) is non-empty and contains a pair of integers (J(A),K(A)). If
As ND_7(a),k(a) is bounded away from D 7.4y x(a) for some § > 0, then for
any given € > 0, there exists N € N such that

S (Ot~ A, (0
n(a— DT (A)+(B—1K(A) ’

> m) (Crim(A) + €) LY (n)L™(n)
nla=1)IT(A)+(B-1)K(A) ’

P(X,cA) >
(3.11)

P(X, € A) <

for all n > N, where the summations are over the pairs (I,m) € I_7(4) x(a)-
In particular, (3.11) holds if A is bounded away from D¢ 7(a)x(4)-

Proof. Note first that from Lemma 5.5 (i), there exists a 8’ > 0 such that
D<<j(A),IC(A) is bounded away from A N (Dl,m)é/ for all (l,m) S H:j(A)JC(A)'
Moreover, applying Lemma 5.5 (ii) to each AN (D ,,,)s7, we conclude that there
exists p > 0 such that AN (ID;,,), is bounded away from (D; ), for any two
distinct pairs (I,m), (4,k) € I_7(a),k(a). This means that AN (Dy,,),’s are all
disjoint and bounded away from D .

To derive the lower bound, we apply Theorem 3.4 to A° N (D, )" to obtain

Crim(A°) = Ciom(A° N Dy ) = Crim (A° N Dy N (D )”)
. P(X, € A°N(D;m)?)
— Cy 1 (A° N (Dy,)?) < liminf :
Crm(A% 0 (Dy,m)") < . (nv[n, 00))t(nv(—o0, —n])™

P(Xn cAn (Dl’m)p)
l

< liminf
=% (avfn, o)

(nv(—o0, —n])™’

for each (I,m) € I_7(4)x(a). That is, for any given € > 0, there exists an
Nim € N such that

(Cl,m (A°) — e) Ll_i_ (n)L™(n)
nla=DI+(B-1)m

<P(X, € AN (D)), (3.12)
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for all n > Ny;,. Meanwhile, an obvious bound holds for A\ |J
(Dy,m)*; iee.,

Im)€l= 7(ay,k(A)

0 <P (Kn € A\Ugmyet ayin Pim)?) - (3.13)

Since (a = 1)+ (B —-1)m = (a—=1)T(A) + (B —-1)K(A) for (I,m) € I_7(4)x4),
summing (3.12) over (I,m) € I_ () x(a) together with (3.13), we arrive at the
lower bound of the theorem, with N = max( m)ei_ 4, cay Ni,m-

Turning to the upper bound, we apply Theorem 3.4 to AN (Dy,.,), to get

Jim sup P(X, € An(Dim),)

n—oo (m/[n, OO))l(ny(_oo’ _n])m < Clvm(A N (Dl,m)p) = Cl_’m(A).

for each (I, m) € 1= 7(a)x(a)- That is, for any given € > 0, there exists N}, € N
such that

(Clom(A) + €/2) LYy (n) L™ (n)

na—Di+(B—1)m (3.14)

P(Xn €AN (Dl,m)p) <

for all n > Ny .. On the other hand, since A\U(
and bounded away from D 7(a) k(4),

o
Lm)El_ 7y k) (Dy,m)? is closed

I P (X” €A\ U(lvm)(Dl’m)p> <C A Dy, )P
im sup (i, 50)) 7 (i — oo, —n]) A = T(A),KC(A) ( \U(z,m)( Lm) ) ,

n— oo

where the union is over the pairs (I,m) € I_7(a)x(a). Therefore, there exists
N’ such that

P (X € A\ U (Pem)?)

_ T(A K(A
< (Cocaren (A\Ugm @1n)) +¢/2) LT @) L5 (n)
= nla=1)T(A)+(B-1)K(A)

(e/2) LT (n) LX) (n)

(3.15)

n(@—DJ(A)+(B-DK(A) ’

for n > N’ since A\ U(t,m)(Dim)” is disjoint from the support of C7(4) x(a)-
Summing (3.14) over (I,m) € I_7(a) x(a) and (3.15),

X tmy (Crm(A4) +€) L (n) L7 (n)

P(Xn € 4) < (@ DI A+ (B-DK(A) :

(3.16)

_ N /
forn > N, where N = N' Vv MAX(1m)el_ 7 4y x(a) Ny -

4 Implications

This section explores the implications of the large-deviations results in Section 3,
and is organized as follows. Section 4.1 proves a result similar to Theorem 3.4,
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now focusing on random walks with regularly varying increments. Section 4.2
illustrates that conditional limit theorems can easily be studied by means of
the limit theorems established in Section 3. Section 4.3 develops a weak large
deviation priciple (LDP) of the form (1.3) for the scaled Lévy processes. Finally,
Section 4.4 shows that the weak LDP proved in Section 4.3 is the best one can
hope for in the presence of regularly varying tails, by showing that a full LDP
of the form (1.3) does not exist.

4.1 Random Walks

Let Sk, k > 0, be a random walk, set Su(t) = Sine/n,t > 0, and define S, =
{S,(t),t €10,1]}. Let N(t),t > 0, be an independent unit rate Poisson process.
Define the Lévy process X (t) £ Sy(),t > 0, and set X,,(t) £ X(nt)/n,t > 0.
The goal is to prove an analogue of Theorem 3.4 for the scaled random walk
S,. Let J(+), K(-), and C; k() be defined as in Section 3.2.

Theorem 4.1. Suppose that P(S1 > z) is regularly varying with index —a and
P(S; < —x) is regularly varying with index —f3. Let A be a measurable set
bounded away from D 7(4)x(a)- Then

o P(S, € A) o

>
L GBS = )T W B(s; < —mprm = A, (4.1)
, P(S, € A) '
lim sup

< 4).
nsne. (NP (Sy = n))7 A (nP(S; < —n))k@A) = Cr(ayxa)(4)

Proof. The idea is to combine our notion of asymptotic equivalence with Theo-
rem 3.4. First, we need to derive the asymptotic behavior of the Lévy mea-
sure of the constructed Lévy process. From Example A3.17 in Embrechts
et al. (1997), we obtain P(X(1) > x) ~ P(S; > z). Moreover, Embrechts
et al. (1979) implies that v(z,00) ~ P(X(1) > z). Similarly, it follows that
v(—oo,—x) ~ P(S; < —x).

Now, from Lemma 3.1, (4.1) is proved if (3.7) holds for S,. In view of
Corollary 2.1, (3.7) holds—and hence, the proof is completed—if we prove the
asymptotic equivalence between X,, and S,, (w.r.t. a geometrically decaying se-
quence). To prove the asymptotic equivalence, we first argue that the Skorokhod
distance between S, and X,, is bounded by sup;c(o 1 [V (tn)/n —t|. To see this,
define the homeomorphism A, (¢) as the linear interpolation of the jump points
of N(nt)/n, and observe that X,,(t) = S,,(A\.(¢)). Thus, the distance between
S, and X, is bounded by SUPseo,1] [An(t) — t| which, in itself, is bounded by
SUPe(o,1) [V (tn)/n — t|. From Lemma A 4,

P(sup |N(tn)/n—t]) > ) <3 sup P(|N(tn)/n —t]) > §/3),
te[0,1] te[0,1]

where P(|N(tn)/n —t|) > 0/3) vanishes at a geometric rate w.r.t. n uniform in
t € [0,1], from which the asymptotic equivalence follows. O
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4.2 Conditional Limit Theorems

As before, X,, denotes the scaled Lévy process defined as in Section 3.1 for
the one-sided case and Section 3.2 for the two-sided case, respectively. In this
section, we present conditional limit theorems which give a precise description
of the limit law of X,, conditional on X, € A.

The next result, for the one-sided case, follows immediately from the defini-
tion of weak convergence and Theorem 3.2.

Corollary 4.1. Suppose that a subset B of D satisfies the conditions in The-
orem 3.2 and that Czp)(B°) = Cy(p)(B) = Cgp)(B) > 0. Let XIZ be a
process having the conditional law of X, given that X,, € B, then there exists a

process )_(‘of such that - -
X0 = X2,

in . Moreover, if PP (-) is the law of Xc‘f, then

Cyy(-NB)

i (XLE © ) " o) (B)

Let us provide a more direct probabilistic description of the process X‘Of
Directly from the definition of P/® we have that

X2 Z Xnl(w, 1) ()
where Uy, ...,Uz(p) are i.i.d. uniform random variables on [0, 1] and

pl? (X1 € dxy, ..., Xg(B) € de(B))
H;jz(lB) (Oé.]ji_a_ldﬂfi) I (xj(B) > ... > T > O) P (Zn 1 xn [Un,1] () € B)
Cs(B)(B) .

An easier to interpret description of PIZ can be obtained by using the fact
that dp := d(B,ng(B)_l) > 0. Define an auxiliary probability measure,

P| , under which, not only Uy, ...,Uz(pg) are i.i.d. Uniform(0,1), but also
Xl,- »Xg(B) are iid. distributed Pareto(,dp) and independent of the U;’s;
that is,

PlB (X1 €dzy, ..., xg(B) € dxj(B))
= (o/65)7 PP (2, /65) Vw1 (2; > 65).

Then, we have that

plz (ng c ) - P (ijj’ e | XIB ¢ B) . (4.2)
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Moreover, note that
Pf (Xclf c B) = 5,7 PO L (B) >0, (4.3)

In view of (4.2) and (4.3) one can say, at least qualitatively, that the most
likely way in which the event X,, € B is seen to occur is by means of J(B) i.i.d.
jumps which are suitably Pareto distributed and occurring uniformly throughout
the time interval [0, 1].

We now are ready to provide the corresponding conditional limit theorem
for the two-sided case, building on Theorem 3.4. The proof is again immediate,
using the definition of weak convergence.

Corollary 4.2. Suppose that a subset B of D satisfies the conditions in Theo-
rem 3.4 and that

Ca)x5)(B°) = Ca(m)x(5)(B) = Ca(8).x(5)(B) > 0.
Let XLB be a process having the conditional law of X,, given that X,, € B, then
XB = XI5

in . Moreover, if PP (.) is the law of X2, then

pin (1 ¢ ) - Cornc05)
CB).x(B)(B)

A probabilistic description, completely analogous to that given for the one-

sided case, can also be provided in this case. Define g = d (B, D<j(B)7[C(B)) >

0 and introduce a probability measure PLf under which we have the following:
First, Uy, ...,Uz(By, Vi, -, V() are i.id. U (0,1); second, x1, ..., X 7(p) are i.i.d.
Pareto(a, dp), and, finally 01, ..., ox(p) are i.i.d. Pareto(3, dp) random variables
(all of these random variables are mutually independent). Then, write

B J(B) K(B)
X)) =Y xalwan () = Y ol (0.
n=1 n=1
Applying the same reasoning as in the one sided case we have that
P‘B(X(Lfe~):PLf(XLfe~|XLOBeB)

and
plP (X'gf c B) _ T B KB G () 50,

We note that these results also hold for random walks, and thus is a sig-
nificant extension of Theorem 3.1 in Durrett (1980), where it is assumed that
a>2and B={X, (1) > a}.
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4.3 Large Deviation Principle

In this section, we show that X,, satisfies a weak large deviation principle with
speed logn, and a rate function which is piece-wise linear in the number of
discontinuities. More specifically, define

1) 2 { (= 1)D4(&) + (B—1)D_(§), if £ is a step function & £(0) = 0;
0, otherwise.
(4.4)
where D_ () denotes the number of downward jumps in &.

Theorem 4.2. The scaled process X,, satisfies the weak large deviation principle
with rate function I and speed logn, i.e.,

logP(X, € G)

. < limi '
;22 Iz) < hnn—l>1<>%f logn (45)
for every open set G, and
logP(X, € K
liTirLsolip Ogl(ogne) < —;g}f{[(x) (4.6)

for every compact set K.

The proof of Theorem 4.2 is provided in Section 5.3. It is based on The-
orem 3.4, and a reduction of the case of general A to open neighborhoods;
reminiscent of arguments made in the proof of Cramérs theorem Dembo and
Zeitouni (2009).

4.4 Nonexistence of Strong Large Deviation Principle

We conclude the current section by showing that the weak LDP presented in
the previous section is the best one can hope for in our setting, in the sense
that for any Lévy process X with a regularly varying Lévy measure, X,, cannot
satisfy a strong LDP; i.e., (4.6) in Theorem 4.2 cannot be extended to all closed
sets.

Consider a mapping 7 : D — Rﬁ_ that maps paths in D to their largest jump
sizes, i.e.,

w(&) 2 ((sup (£(t) —(t-)). sup (=) —£(1)).

te(0,1] te(0,1]

Note that 7 is continuous, since each coordinate is continuous: for example, if
the first coordinate (the largest upward jump sizes) of 7(§) and 7 (¢) differ by ¢
then d(&,{) > €/2, which implies that the first coordinate is continuous. Now,
to derive a contradiction, suppose that X,, satisfies a strong LDP. In particular,
suppose (4.6) in Theorem 4.2 is true for all closed sets rather than just compact
sets. Since m is continuous w.r.t. the J; metric, 7(X,,) has to satisfy a strong
LDP with rate function I'(y) = inf{I(§) : £ € D,y = w(x)} by the contraction
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principle, in case I’ is a rate function. (Since I is not a good rate function, I’
is not automatically guaranteed to be a rate function per se; see, for example,
Theorem 4.2.1 and the subsequent remarks of Dembo and Zeitouni, 2009.) From
the exact form of I’, given by

I'(y1,y2) = (@ = DI(y1 > 0) + (8 — 1)I(y2 > 0),

one can check that I’ indeed happens to be a rate function. For the sake of
simplicity, suppose that a = 8 = 2, and v[z,00) = v(—o00,—z] = 272. Let
jn§1 2 %Q:?(Fl)]-[Ul,l] and IA{EI £ %R;?(Al)]-[Vl,l] where Q::(y) e mf{s >
0: nrs,00) < y} = (n/y)1/2 and R{ (y) £ inf{s > 0 : nv(—o0,—s] < y} =
(n/ y)l/ 2 The random variables I'y and A, are standard exponential, and Uy, V3
uniform [0, 1] (see also Section 5 for similar and more general notational conven-
tions). Note that ¥, 2 (JS', KS') is exponentially equivalent to m(X,,) if we
couple 7(X,,) and (JS!, K1), using the representation of X,, as in (5.4): for any
6>0,P(|Y, —7(X,)| >6) <PV, #n(X,)) =P(Q5 (T1) <1lor Ry (A1) <
1), which decays at an exponential rate. Hence,

log P(|Y, — (X,)| > 9)
% J—
logn

)

as n — oo, where | - | is the Euclidean distance. As a result, Y,, should satisfy
the same (strong) LDP as 7(X,,). Now, consider the set 4 = [J;—,[log k, o0) x
[k~1/2 00). Then, since [logk, o) x [k~/2 00) C A for k > 2,

P(Y, € A) > P((J$', K5 € [logn, 00) x [n71/%,0))
- P(QT‘L_(I‘l) > nlogn, R (A1) > n1/2)

n\ /2 n \ /2
_ n n 1/2
P((F1> >nlogn,(A1> >n )

1
=P(T —— | P(A 1
(12 < g ) P& <1
—(1— ¢ mmn?)(1 — e b,

Thus,

log(1 — ¢ 7oem? ) (1 — e~ 1)

limsup P(Y;, € A) > limsup

n—oco n—oco logn
log it (1 — 5oz ) (1 —e™ 1) (4.7)
> lim sup n(logn)? 2n(logn)?
n— 00 logn

-1
On the other hand, since A C (0, 00) x (0, 00),

— inf I'(y1,ye) = —2. 4.8
(y1,y2)€A (yl y2) ( )

20



Noting that A is a closed (but not compact) set, we arrive at a contradiction to
the large deviation upper bound for Y;,. This, in turn, proves that X, cannot
satisfy a full LDP.

5 Proofs

Section 5.1, Section 5.2, and Section 5.3 provide proofs of the results in Section 2,
Section 3, and Section 4, respectively.

5.1 Proofs of Section 2
Recall that F5 = {x € S: d(z, F) < §} and G~° = ((G°)5)°.

Proof of Lemma 2.1. Let G be an open set such that G NSy is bounded away
from C. For a given § > 0, due to the assumed asymptotic equivalence, P(X,, €
G=,d(X,,Y,) > 0) = o(e,). Therefore,

liminf e, 'P(Y,, € G)

n—

> liminf 6, "P (X, € G7°,d(X,,, Y,,) < 9)
T —1 -5\ _ —d
=liminfe, " {P (X, € G7°) =P (X, € G7°,d(X,,,Y;) 2 0) }

= liminfe,'P (X, € G™%)
n—0o0
Pick r > 0 such that G=° NSy N C, = 0 and note that G—° N C, is an open set
bounded away from C. Then,
liminfe, 'P(X, € G7°) =liminfe,'P(X,, € G2 NSy)

n— oo n— oo

= liminfe,'P(X, € G2 NSy NC, )

n— oo

=liminfe,'P(X,, € G2 NC,) > u(G°NC,°)

n— oo

= (G0 NC, NSy = (G0 NSy) = u(G0).

Since G is an open set, G = (Js-q G~%. Due to the continuity of measures,
lims_,o £(G~%) = u(G), and hence, we arrive at the lower bound

liminf e, 'P(Y, € G) > u(G)

n— oo

by taking § — 0.
Now, turning to the upper bound, consider a closed set F' such that F5 NSy
is bounded away from C. Given a § > 0, by the equivalence assumption, P(Y,, €
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F,d(X,,Y,) > §) = o(e,). Therefore,

limsupe, 'P(Y, € F)

n—oo

=limsupe, ' {P (Y, € F, d(X,,Y,) < )

n— oo
+P (Y, €F, d(X,,Y,) >46)}
= limsupe, 'P (X, € F5) =limsupe,, 'P(X, € F5sNSy)
n—oo

n—oo

<limsupe, 'P(X,, € F;NSy) < u(FsNSo) = pu( Fs NSy NSo)

n— oo

< u(F5s NSo) = p(F5) = p(F5).

Note that {Fs} is a decreasing sequence of sets, F' = (55 Fs (since F is closed),
and p € M(S\C) (and hence p is a finite measure on S\ C” for some r > 0 such
that F5 C S\ C" for some 6 > 0). Due to the continuity (from above) of finite
measures, lims_,o 4(F5) = u(F'). Therefore, we arrive at the upper bound

limsupe, 'P(X, € F) < u(F)

n—oo
by taking § — O. O

For a measure p on a measurable space S, denote the restriction of u to a
subspace O C S with K-

Proof of Lemma 2.2. We provide a proof for d = 2 which suffices for the appli-
cation in this article. The extension to general d is straightforward, and hence,
omitted. In view of the Portmanteau theorem for M-convergence—in particular
item (v) of Theorem 2.1 of Lindskog et al. (2014)—it is enough to show that

for all but countably many r > 0, (u%l) X ug))‘(glng)\((clng)U(glX(Cz))r(-) con-

verges to (1) x /,L(Q))‘(Slng)\((clng)u(glxcz)y(') weakly on (S1 x Sa) \ (((C1 X
Se) U (Sy x CQ))T7 which is equipped with the relative topology as a subspace of
S1 x Sy. From the assumptions of the lemma and again by Portmanteau the-

orem for M-convergence, we note that us)&\q converges to U(1)|Sl\<cg weakly
in S; \ Cf, and /,L',(qlz)‘s2\(cg converges to ﬂ(2)‘52\cg weakly in Sy \ C} for all but
countably many r > 0. For such r’s, ug)|gl\q X M%2)|§2\<cg converges weakly to
N(1)|Sl\<{:;‘ X N(2)|s2\(cg in (S1\CT) x (S2\C3). Noting that (S1 xSz)\ ((C1 xS2)U
(Sy x (CQ))T‘ coincides with (S;\ C}) x (Sz\ Cj), and u(1)|§1\q X M(Q)\Sz\(cg and
(1)

,Unl IS1\C1 X ,LL512)|SQ\(C2 coincide with (p,(l) X :L’L(Q))l(81XSQ)\((ClXSZ)U(SlXC2))T and

(ngl) X ug))KSl % S2)\((C1 xS2)U(S1 xCa))r» T€Spectively, we reach the conclusion. [J

Proof of Lemma 2.3. Starting with the upper bound, suppose that F'is a closed
set bounded away from (-, C(7). From the assumption, there exist 7o, ..., rm,
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such that F C [J;~(S\ C(¢)™), and hence,

limsup ——~——~ PX,cF <hmbupz P(X, € FN(S\C()")) enld)

n—00 €n (0) n—oo T4 n(Z) én(O)
P(X, € FAC()™) en(i)
< limsu
mrco Z; NO) én(0)
= lim sup P, cF \ C( /")

n— 00 En(o)

< uOFNCO)) < uO(F)
Turning to the lower bound, if G is an open set bounded away from (-, C(i),

lim inf 7P(Xn €G) > lim inf P(X, € G\C(0))

n—00 €n(0) n—00 en(0)

> M(O) (G \ C(O)T)'

Taking r — 0 yields the lower bound.
O

Proof of Lemma 2.4. Suppose that p, — g in M(S\ C), and p(Dp \C") =0
and u(dSp \ C") = 0 for each > 0. Note that Oh~1(A") C S\ C" for some
r > 0 due to the assumption, and Oh~1(A’) C h=1(0A") U D, UdSy. Therefore,
u(Oh=1(A") < poh=Y(OA") + u(Dy, \(Cr) +1(0Sp \C") = 0. Applying Theorem
2.1 (iv) of Lindskog et al. (2014) for h=1(A’), we conclude that s, (h=1(A4’)) —
u(h=1(AN). Agam by Theorem 2.1 (iv) of Lindskog et al. (2014), this means

that p, o h™t — o h~!in M(S’'\ C’), and hence, h is continuous at .
O

Proof of Lemma 2.6. The continuity of h is well known; see, for example, Whitt
(1980). For the second claim, it is enough to prove that for each j and k,
h='(A) € D x D is bounded away from D; x Dy whenever A C D is bounded
away from D; ;. Given j and k, let A C D be bounded away from D; ;. To
prove that h=!(A) is bounded away from D; x Dy by contradiction, suppose
that it is not. Then, for any given € > 0, one can find £ € D and ¢ € D such
that d(§,D;) < ¢/2, d(¢,Dx) < €/2, and { — ¢ € A. Since a time-change of a
step function doesn’t change the number of jumps and jump-sizes, there exist
¢ eDj and C/ € Dy, such that ||§ &loo < €/2 and || — {'|lc < €/2. Therefore,
A€ —CE =) <N E=C) — (€ — oo < 1€~ lac +1IC — 'l < €. From this
along with the property d(¢’ —¢’,D; ) = 0, we conclude that d(§ — ¢, D, ) < e.
Taking ¢ — 0, we arrive at d(A4,D; x ]D)k) = 0 which is contradictory to the
assumption. ]
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Proof of Lemma 2.7. From (i) and the inclusion-exclusion formula, ., (i~ 4;) —
w(Ui, A;) as n — oo for any finite m if 4; € A, is bounded away from C for
1=1,...,m. If G is open and bounded away from C, there is a sequence of sets
A;,i > 1in A, such that G = [J;2 | A;; note that since G is bounded away from
C, A;’s are also bounded away from C. For any e > 0, one can find M, such
that ,u(Ul-]\ie1 A;) > u(G) — €, and hence,

M.

M.
1mmmawzgggquAa:mgAnzma—e

n— oo |
1=1

Taking ¢ — 0, we arrive at the lower bound (2.2). Turning to the upper bound,
given a closed set I, we pick A € A, bounded away from C such that F' C A°.
Then,

p(A) = limsup pin (F) = lim 1, (A) + lim inf (=, (F))
n—oo n— oo n—oo
= liminf(u, (A) — pn(F)) = liminf g, (A\ F)
n— oo n— oo
> liminf 10(A° \ F) > p(A° \ F)
n—oo

— ul(4) — u(F).
Note that p(A) < oo since A is bounded away from C, which together with the
above inequality establishes the upper bound (2.2). O

5.2 Proofs of Section 3

This section provides the proofs for the limit theorems (Theorem 3.1, Theo-
rem 3.3) presented in Section 3. The proof of Theorem 3.1 is based on

1. The asymptotic equivalence between the target object X,, and the process
obtained by keeping its j largest jumps, which will be denoted as J$7:
Proposition 5.1 and Proposition 5.2 prove such asymptotic equivalences.
Two technical lemmas (Lemma 5.1 and Lemma 5.2) play key roles in
Proposition 5.2.

2. M-convergence of J$7: Lemma 5.3 identifies the convergence of jump size
sequences, and Proposition 5.3 deduces the convergence of J$/ from the
convergence of the jump size sequences via the mapping theorem estab-
lished in Section 2.

For Theorem 3.3, we first establish a general result (Theorem 5.1) for the M-
convergence of multiple Lévy processes in the associated product space using
Lemma 2.2 and 2.3. We then apply Lemma 2.6 to prove Theorem 3.3.

Recall that X, (t) & X(nt) is a scaled process of X, where X is a Lévy
process with a Lévy measure v supported on (0,00). Also recall that X,, has
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Ito representation

Xn(s) = nsa + B(ns) +/| - z|N([0,ns] x dz) — nsv(dz)) (5.3)

+ /|m>1 xN([0,ns] x dx),

where N is the Poisson random measure with mean measure Lebxv on [0,n] x
(0,00) and Leb denotes the Lebesgue measure. It is easy to see that

Ny
Ju(5) 2 S Q5 (T (5) 2/ 2N ([0, ns] x dz),
=1 |z|>1

where I'y = E1 + FEo + ... + Ej; E;’s are i.i.d. and standard exponential random
variables; Up’s are i.i.d. and uniform variables in [0, 1]; N,, = N, ([0,1] x [1,00));
N, = Zfil O, (1)), Where 4,4, is the Dirac measure concentrated on
(z,9); Qu(z) £ nulz,00), QF (y) £ inf{s > 0 : nvfs, oo) < y}. Note that
Nn is the number of I';’s such that I'; < ”Vl , Where uf“ £ y[1,00), and hence,
N,, ~ Poisson(nv;"). Throughout the rest of this section, we use the following
representation for the centered and scaled process X,, = ;X :

T(s) + %B(ns) (5.4)

+ l/ z[N([0,ns] x dz) — nsv(dz)] — (ufvi)s.
|z|<1

Proof of Theorem 3.1. We decompose X,, into a centered compound Poisson
process J,,, a centered Lévy process with small jumps and continuous increments
Y,,, and a residual process that arises due to centering Z,,. After that, we will
show that the compound Poisson process determines the limit. More specifically,
consider the following decomposition:

Xn(5) 2 Yals) + Ju(s) + Zn(s),
Y,(s) 2 %B + % /'<1 z[N([0, ns] x dz) — nsv(dx)],

N,
Ta(s) £ S (@I ) — i Mg ),
=1

Z/“LI Uhl] /u’l Vl

where uf = + f[1 zv(dr). Let JS £ 1 {:1 Q;, (1)1, 17 be, roughly

speaking, the process obtalned by just keeping the j largest (un-centered) jumps
of J,. In view of Corollary 2.1 and Proposition 5.3, it suffices to show that
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X,, and an are asymptotically equivalent. Proposition 5.1 along with Propo-
sition 5.2 prove the desired asymptotic equivalence, and hence, conclude the
proof of the Theorem 3.1. O

Proposition 5.1. Let X,, and J,, be as in the proof of Theorem 5.1. Then, X,
and J,, are asymptotically equivalent w.r.t. (ny[n, oo))J for any j > 0.

Proof. In view of the decomposition (5.5), we are done if we show that P(||Y,| >
8) = o ((nv[n,00))™7) and P(||Z,|| > 6) = o ((nv[n,o0))~7). For the tail prob-
ability of ||Yy]|,

P| sup |Y()>5} <P[ sup |B(t |>n5/2]
tel0,1] te[0,n]

+P [ sup
te(0,n]

/| - z[N((0,t] x dz) — tv(dz)]| > n5/2].

We have an explicit expression for the first term by the reflection principle,
and in particular, it decays at a geometric rate w.r.t. n. For the second term,
let Y'(t) £ f\z|§1 z[N((0,t] x dr) — tv(dz)]. Using Etemadi’s bound for Lévy

processes (see Lemma A.4), we obtain

P [ sup
te[0,n]

/| > z[N([0,t] x dz) — tv(dx)]

> n5/2}

<3 sup P{|Y’(t)| > n6/6}
tel0,n]

<3 sup {P [|Y’(Ltj)| > n5/12] +P DY’@) —Y'([th] > n5/12] }

te[0,n]

<3 sup P{|Y’(Ltj)| > n5/12] +3 sup P{|Y’(t) —-Y'(|t])| > n5/12]

te[0,n] te[0,n]
=3 sup P[ >n5/12}+3 sup P{|Y()|>n6/12]
1<k<n €[0,1]
k
<3 sup P[ Z{Y’ l—l)}'>n5/12]
1<k<n

+3P[ sup |Y'(¢)|™ > (n5/12)m].
t€[0,1]

Since Y'(1)—Y'(i—1) are i.i.d. with Y’ (2)—Y’(i—1) 4 Y'(1) = f\z|§1 x[N((0,1]x
dx) — v(dz)] and Y’(1) has exponential moments, the first term decreases at a
geometric rate w.r.t. n due to the Chernoff bound; on the other hand, since Y”(t)
is a martingale, the second term is bounded by 3%
submartingale maximal inequality. Therefore, by choosing m large enough, this

for any m by Doob’s
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term can be made negligible. For the tail probability of || Z,]|, note that Z, is a

mean zero Lévy process with the same distribution as u] (N (ns)/n—v"s), where

N is the Poisson process with rate v;". Therefore, again from the continuous-
time version of Etemadi’s bound, we see that P (|| Z,|| > ) decays at a geometric

rate w.r.t. n for any § > 0. O

Proposition 5.2. For each j > 0, let J,, and jfﬂ be defined as in the proof of
Theorem 3.1. Then, J,, and jng] are asymptotically equivalent w.r.t. (ny[n, oo))J.

Proof. With the convention that the summation is 0 in case the superscript is
strictly smaller than the subscript, consider the following decomposition of J,,:

N,
. 1 s 1
T YO Ok, TR Z (@ (1) = s,
=1
j J
I Rél ) D (@ (1) =i
T K1 Lo, n = l [U,1]>
=1 I=N,+1

so that
Jo=JS +JS + T —R,.

Note that P(||JS7| > ) = 0 for sufficiently large n since ||JS7| = jui/n. On
the other hand, P(||R,|| > §) decays at a geometric rate since {||Ry|| > 6} C
{N, < j} and P(N,, < j) decays at a geometric rate. Since P(||J>7| > 0) <

P([777] = 6,Q5 (T;) = ny) + P(|J77|| = 6, Q5 (T;) < ny), Lemma 5.1 and
Lemma 5.2 given below imply (||J>]|| > 0) = ((nu[n, 00))7) by choosing
~v small enough. Therefore, Jn<J and J, are asymptotically equivalent w.r.t.
(nv[n, 00))?. O

Define a measure x5 on Rfi by

J 00
ng)(d.’ﬂl, dl’g, T ) = H Va(dmi)ﬂ[x12x22-~2:cj>0] H 50(d$1),
i=1 i=j+1

«

where v, (z,00) = ™%, and ¢y is the Dirac measure concentrated at 0.

Proposition 5.3. For each j > 0,
(nvfn, 00)) "P(JS € ) = Cy()
in M(D\ D<) as n — oo.
Proof. Noting that (15 xLeb)oT; ™ = C; and P(J7 € ) = P(((Q (I1)/n,1 >

1),U,l>1)) € T, (. )), Lemma 5.3 and Corollary 2.2 prove the proposition.
O
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Lemma 5.1. For any fized v > 0, § > 0,and j > 0,
P {777l =2 6,Q (T3) = nv} = o ((nv[n, 00))?) . (5.6)
Proof. (Throughout the proof of this lemma, we use 1 and vy in place of uj

and v respectively.) We start with the following decomposition of J>7: for
any fixed A € (0 -

? 3vip )?

Nn

.y 1
I = - Z (@ (T1) — p) 1w, 1

I=j+1
_ j7[lj+1,nl/1(1+)\)] _j7[lz\7n+1,ny1(1+x)]]1(]\7n <nn(1+N)
+ jT[LnVI(1+)\)+1’Nn]H(Nn > nu1(1 + /\))’

where

[b]

= > (@ (1) = i),
I1=[a]

jlabl & 1

Therefore,
P {[|J;7]| = 6,Q5 (T;) > nv}
< P ([[7ptrmn | > 573,05 (1)) = o)

+P (ngﬁnﬂﬂ"l““ﬂ H >6/3) + P (Ny > nn (14 1)
= (i) + (ii) + (iii).
Noting that Hj,[fv"+1’n”1(1+)‘)]H < (ri(1 + A) — N,/n)uy — recall that N, is

defined to be the number of I’s such that Q;; (I';) > 1, and hence, 0 < Q7 (T;) <
1 for | > N,, — we see that (ii) is bounded by

. N, )
P 1+X)—N, >§/3)=P| 2 <14+X— ,
(414 X) = N fm)ps > 6/3) (n <1+ SM)
which decays at a geometric rate w.r.t. n since N, is Poisson with rate nvy. For
the same reason, (iii) decays at a geometric rate w.r.t. n. We are done if we
prove that (i) is o ((nv[n,00))?). Note that Q% (I';) > ny implies Q,(ny) > T},
and hence,
(14+XN)nvy
Z (@5 Ty =T+ Qn(n)) — 1)y, 1
I=j+1
(I+X)nvy
< > (QyTy) = m)
l=j+1
(14+X)nwn
< > (@ (T =Ty) — m) 1,

1=j+1
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Therefore, if we define

Ay £{Q (1)) = m},
(I+X)nvy

B,2¢ sup > (QE T —T;) = m)ly,yt) >nd o,
tel0.1] =i

(14+X)nv,
2] S (Q =T Quln) — ) (1) < —nd o
=541

then we have that
(i) <P(A,N(B,UBy)) < P(A,NB)+P(A,NBy) = P(A,)(P(B,,)+P(By))

where the last equality is from the independence of A, and B, as well as of
A, and B]/ (which is, in turn, due to the independence of I'; and I'; — T';).
From Lemma 5.4 (c) and Proposition 5.3, P(4,,) = P(J& € (D\D.;)™7/?) =
O ((nv[n,0))7), and hence, it suffices to show that the probabilities of the
complements of B;, and B!/ converge to 1—i.e., for any fixed v > 0,

(14+X)nwy
P<{ sup Z (Qi (Ty —=T5) — 1) Ly, 1) (t) <mb p — 1, (5.7)
teo,1] I=j+1

and
(14+XN)nv,

POt 3 (@ (- Ty+ Qu(m) — ) 8) > —nd p 1. (5.8)
=541

Starting with (5.7)

(1+X)nvq
P sup Z (Q5 (Ty —=Ty) — pu1) Ly, 1) () < néd
el =41
14+X)nvy—j
=P< sup Z (Qf (Ty) = 1)1, 1y(t) < nd
telo1 o

(I+X)nv1—j

. > (@) = ),y (t) < né, Ny < (L+ Nnwy — j
telo, 1=1

tel0,1] 7

Nn

s%pl] Z (@ (T0) — pa) 1, 1y(t) < nd) p — P {Nn > (14 Nnvy — j} .
tel0. 3y

N,
>P { sup Y (@5 (T0) = pa) Ly, g (8) < nd, Nyy < (14 Ny —
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The second inequality is due to the definition of @} and that 1 > 1 (and hence
Q5 (Ty) —p1 <0onl > N,), while the last inequality comes from the generic
inequality P(AN B) > P(A) — P(B¢). The second probability converges to 0
since N is Poisson with rate nv;. Moving on to the first probability in the last
expression, observe that Zfi"l (Q5 (Ty) — p1) L, 1) (+) has the same distribution

as the compound Poisson process Z;I:(?)(Dz — 1), where J is a Poisson process
with rate v; and D;’s are i.i.d. random variables with the distribution v con-
ditioned (and normalized) on [1,00), i.e., P{D; > s} = 1 A (v[s, 00)/v[1,0)).
Using this, we obtain

Nn
P sup Z (Q5 (Ty) = pa) 1y, 11 () < nd
tel0,1] 7

=P { sup i(Dl — ) < né} (5.9)

1<m<J(n)

>P { sup Z(Dl —p1) <nd, J(n) < 2m/1}

1<m<2nv; -1

> P{ sup zm:(Dl — ) < n5} —P{J(n) > 2n1,}

1<m<2nrv; =1

The second probability vanishes at a geometric rate w.r.t. n because J(n) is
Poisson with rate nvy. The first term can be investigated by the generalized
Kolmogorov inequality, cf. Shneer and Wachtel (2009) (given as Result A.1 in
Appendix A):

P ( max i(Dl—‘ul)Zné/2> SOW’

1<m<2n (nd/2)?

where V(z) = E[(D; — u1)% 1 — 2 < Dy < g + 2] < pf + E[DE; Dy < pg + ).
Note that

v[s,00)

1 ritx
E[D};D; < py + 2] = / 2$ds—|—/ 2s
0 1 V[LOO)

2 —a
=1+17(M1 +2)* " *L(p + ),
1

for some slowly varying L. Hence,

i (ffs 2 (D) < "5> = (51 2 (D= im) =i/ 2) o

as n — oQ.
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Now, turning to (5.8), let v, = Q,(ny).

(14+X)nv1
P teiﬁl)fl] > (@ (T =T+ Qu(n)) = pa) 1y, 1(t) > —nd
=541

(1+XN)nvi—j
=P teif(l)fu > (@ @i+ m) — )l ) > —nd
’ =1
(1+XN)nvi—j
telf(l)fl] > Q@i+ ) — ),y (t) > —né, By > v
=1
(I+XN)nvi—j
A >0 QUM+ Bo) — i) L (8) > —nd B = 7
=1
{ (I4+XN)nvi—j+1
)

Jnf 3T (@) ) (1) > —nd Ty 2
=2

(I+XN)nvi—j+1
inf S (Q5 (T — ) () > —nd p — P{Ty <7}

te[0,1] P

= (4) = (B),

where Ej is a standard exponential random variable. (Recall that Ty £ E; +
Ey + --- + Ej;, and hence (Fl + Eo,Ul) L (FlJrl,Ul) 2 (Fl+1,Ul+1).) Since
(B) =P{T'1 < vn} — 0 (recall that v, = nv[ny,oo) and v is regularly varying
with index —a < —1), we focus on proving that the first term (A) converges to

31



(I+X)nv1—j+1
(A) = P{ inf Z (@5 (T1) = pa) L,y (8) > —WS}

t€(0,1] =

(I+X)nv1—j+1
> P{ inf > Q5 (T0) = ) 1w, 1y(t) > —nd,

t€(0,1] =

Nn§(1+)\)nyl—j+1}

NTL
- {te%,l] = (@ (T1) = ) Ly (8) = —nd/3,

PP B B
tell[%fl] (Qy (T1) = pa) Ly, 11 (t) > —nd /3,
(14+XN)nvi—j+1

inf > (@ (M) — )1, (t) > —nd/3,

te[0,1] —
I=Np+1

Nn§(1+A)ny1—j+1}

N,
> P{ 1nf (Q (T1) = pa) L,y (8) > —n6/3,}

{Q < n5/3}

1+A)nu1 —j+1
{ 1nf (Q,‘L_(Fl) — ul)l[Uhl](t) > —n5/3}
_N 41
{1\7 1+)\nyl—]+l} 3

+ (Al

= (AI) + (AII) + (AIV) — 3.

The third inequality comes from applying the generic inequality P(A N B) >
P(A) 4+ P(B) — 1 three times. Since N, is Poisson with rate nuy,

v N, i1

nry nry
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For the first term (AI),

N,

(AD) = P{ inf (@ (T1) — pa) L, 1y (1) > n5/3}

t€[0,1] =1

N,
= P{ sup Z (11 = @y (T)) 1, (1) < n5/3}

t€l0,1] 7

:P{ sup i(ul—Dl)gné/?)},

1<m<J(n) |21

where D; is defined as before. Note that this is of exactly same form as (5.9)
except for the sign of D;, and hence, we can proceed exactly the same way using
the generalized Kolmogorov inequality to prove that this quantity converges to
1 — recall that the formula only involves the square of the increments, and
hence, the change of the sign has no effect. For the second term (AII),

(AIL) > P{Q; (T1) < nd/3} > P{T1 > Qu(nd/3)} — 1,
since @, (nd/3) — 0. For the third term (AIIT),

(I+X)nvi—j+1

teif(lfl] l > (@5 (T) = )l () > —n5/3}

(I+X)nvi—j+1

inf S Q= p)lyyt) = —n5/3}

since \ < m. This concludes the proof of the lemma. O
Lemma 5.2. For any j >0, 6 >0, and m < oo, there is g > 0 such that
P {HJ;JH > 0,Qy (T)) < n’yo} =o(n™™).

Proof. (Throughout the proof of this lemma, we use p; and v; in place of
p and v respectively, for the sake of notational simplicity.) Note first that
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Q5 (Tj) = oo if j = 0 and hence the claim of the lemma is trivial. Therefore,
we assume j > 1 throughout the rest of the proof. Since for any A > 0

P {||77]] > 6, Q5 (T;) < nv}

<P{
+P{N"¢ {J,HAH,
nry nry

and P {57” ¢ [L, 1+ /\}} decays at a geometric rate w.r.t. n, it suffices to
1

nry
show that (5.10) is o(n~"™) for small enough v > 0. First, recall that by the
definition of Qf (+),

N,
Z (@ (1) — 1)y,

I=j+1

> nd, Qi (T;) < n, (5.10)

N, j
Tn e [J, 1+ A] }
nry nry

@, (z) >s = z < Qn(s),
and
nv(Q5 (z),00) <z < Q) (), 00).

Let L be a random variable conditionally (on J~\~fn) independent of everything else
and uniformly sampled on {j + 1,5+ 2,..., N, }. Recall that given N,, and I';,
the distribution of {I'j41,Tj42,..., FNn} is same as that of the order statistics

of N,, — j uniform random variables on [';, nv[1,00)]. Let D;,l > 1, be i.i.d.
random variables whose conditional distribution is the same as the conditional
distribution of Q5 (I'r) given N,, and I';. Then the conditional distribution of

Zi\;njH(Qn(Fl) — 1)1y, 17 is the same as that of SN (Dy —p1)1[y, 17- There-
fore, the conditional distribution of HE;\L’}H(Q”(D) — ), HOO is the same

as the corresponding conditional distribution of sup, .., < 5. _; | 21y (D1 — 1) ‘

To make use of this in the analysis what follows, we make a few observations
on the conditional distribution of Q (I'z) given I'; and N,,.

(a) The conditional distribution of Q5 (I'L):
Let ¢ £ Q5 (I';). Since I'y is uniformly distributed on [[';,Q,(1)] =
[[';,nv[l,00)], the tail probability is
P{Qﬁ(FL) 2> S|FJ7NH} = P{FL < Qn(5)|F17Nn}
=P{T'y < nvls,00)|L;, N,}

_p 'y —T, < nv(s,00) — T Fj,Nn
nv[l,00) —T'; ~ nv[l,00) — T

_ ny[s,00) — T

- nvfl,0) = T
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for s € [1,q]; since this is non-increasing w.r.t. I'; and nv(g,00) < T'; <
nv[q, 00), we have that

124) b v v[s, q]
g S PO () 2 sy, Na} < 2o

Difference in mean between conditional and unconditional distribution:
From (a), we obtain

in 2 BIQ (T[T, N, € {1+/1q ”[S’Q)ds,H/lq VIsdl } ,

s
v[l,q) v[1,q]
and hence,

o v[l,q) [° Vs, 00)ds — v[1,00) [{ V[s, q)ds
I = fin] < v[l,00)v[1,q)
y v[l,q] [° Vs, 00)ds — v[1,00) [ Vs, qlds
v[1,00)r[l,q]
Since
v[L,q) [° Vs, 00)ds — v[1,00) [{ V[s, q)ds
v[1,00)v[l,q)
vlg,0) fqoo v[s,00)ds ~ v[g,00) [ v[s, 00)ds
A TV )
and

v[1,00)v[l,q)

v[l,q) [{° Vs, 00)ds — v[1,00) [ Vs, q)ds
v[1,00)v[1,q)

v[l,q] [T v[s,00)ds — v[1,00) [ v]s,q]ds
v[1,00)v[1, ]
v{q} ((q —1)v[l,00) + fqoo v[s,00)ds + f1q v[s, oo)ds)
- v[1,00)(v[1, ) + r{q)})

we see that |1 — fi| is bounded by a regularly varying function with index
1 —a (w.r.t. q) from Karamata’s theorem.

)

Variance of Q5 (I't): Turning to the variance, we observe that, if o < 2,

E[Q; (TL)*[T, Ny]

1 q
< / 25d5+2/ SV[S’Q]ds
0 1

v[1,q]

i /1q sv[s,00)ds = 1+ ¢*~*L(q)

for some slowly varying function L(-). If o > 2, the variance is bounded
w.r.t. q.

(5.11)
1+
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Now, with (b) and (c¢) in hand, we can proceed with an explicit bound since all
the randomness is contained in ¢q. Namely, we infer
> (@5 () = )l

"
I=j+1
N,
_ P(

> (Q5 M) = )l
=E P(

NTL

nry nry

N .
>nb, Qs ([) <ny, — € {J,1+)\}>

o0

N, j
>nd,I'; > Qn(ny), . € [njz/l’l +)\] )

l=5+1 %)
Nn
Q@) = m)lw,y

I=j+1

> néd I‘j,Nn>;I‘j > Qn(ny),

o0

e _
ne[ﬂ,m}

nry nry

=E > nd

N, :
n ¢ [],HA}

nry

Z(Dz - )
=1

P max
1<m<Np—j

By Etemadi’s bound (Result A.2 in Appendix),

P max
1<m<N, —j

<3 max P
1<m<N,

<3 max
1<m<HN,

D-U/_\

+P (i(ﬂl —Dy) > nd

rj,z\?n> }
=1

(5.12)
and as |D; — fi,| is bounded by ¢, we can apply Prokhorov’s bound (Result A.3
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in Appendix) to get

Fj7Nn>

> (fin = Di) = 16 — nn (14 A) (i1 — fin)

Fj7Nn>

n(S—vy (I+N) (11 —fin))
2q

IN

(" ettt )
<

nvi(1+ Mvar (Qy; (I'n)) )
qn(d — v1(1 + A) (1 — fin))

n(@—vy (1+A) (k1 —fn))
2q

IN

, n(5—v1 (142)q¢ ~ ¥ Ly (q))
v1 (140 (1+¢>~* L1 (q)) 24 if a <
(q(57V1(1+)\)qlfaL2(q)) ifa - 2’

n(6—v1 (1+X)a' " Lo (a)
2q

otherwise,

( v1(1+N)C
q(0—v1(1+X)g* = L2(q))

for some C' > 0 if m < (1 + A)nvy. Therefore, there exist constants M and ¢
such that ¢ > M (i.e., I'; < Q,(M)) implies

P (Z(,ul — Dl) Z n5

=1

Fj) < (g

and since we are conditioning on ¢ = Q5 (I';) < nv,

C(qlfa/\Q)%g S C(qlfa/\2)%'

Hence,

P <i(#1 — D;) > nd Fj> < c( g(Fj)l—aAz)% '

=1

With the same argument, we also get

P <Z(Dz — p1) = né Fi) < e (@ (Ty) )

1=1
Combining (5.12) with the two previous estimates, we obtain

m

Z(Dl — 1)

=1

> nd

~ 5
P< max Fj,Nn> < 6 (Qf (L)) —2"2)
1<m< N, —j
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onT; > Qn(ny), Nn—j <nvi(l1+X),and I'; < Qn,(M). Now,

E|P max D; — > nd
{ <1§m§m—j ;( L)

Fijn>;Fj > Qn(n’y)

g N e {],1+)\H

nry nrq

> nd

> (D= m)
=1

Fja Nn) ; I‘j > Qn(n’)/);

<E [P max
1<m<Np—j

% € [n‘;,l—i—)\] ;I < Qn(M)}
+P(T; > Qu(M))
B [6e (@5 (1)) | + P(T; > Qu(M)
< B [6e (Qf (1)) %5 Qi (1)) = 0] + P (@5 (1)) < n°)
+P (L > Qn(M))

3

< 6c (nﬁ(l—a“)) TP (T > Qu(nf)) + P(T; > Qu(M))
< 6¢ (nﬁ(lfa/\z))% +P (T; > (n'"*’L(n))) + P(T; > Qn(M)),

for any 8 > 0. If one chooses f so that 1 — a8 > 0 (for example, 8 = 5-), the
second and third terms vanish at a geometric rate w.r.t. n. On the other hand,
we can pick 7 small enough compared to §, so that the first term is decreasing at
an arbitrarily fast polynomial rate. This concludes the proof of the lemma. [J

Recall that we denote the Lebesgue measure on [0, 1]°° with Leb and defined

measures 4§ and u(ﬁj) on Rfi as

J 00
.u“g)(dxh dll?g, .. ) = H Va(dxi)ﬂ[$12$22'“2$j>0] H 50(d§62),
i=1 i=j 41

@, where g is the Dirac measure concentrated at 0.

and v, (z,00) =~
Lemma 5.3. For each j > 0,

(nv[n, 00) PI(Qf (F)/n,1 2 1), (U, 1 2 1)) € ] = () x Leb)(")
in 1\/[[((]1%3_Oi x [0,1]°) \ (H ; x [0,1]>)) as n — oo.
Proof. We first prove that

(nv[n, 00) P[(Q5 (D) /n, 1 > 1) € ] = p) () (5.13)
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in M(Rioi \ H. ;) as n — oo. To show this, we only need to check that
(nv[n, 00)) P((Q5 (1) /n, 1 > 1) € A] = u(A) (5.14)

for A’s that belong to the convergence-determining class A; £ {{z € ]Rioi txp <
2y Szl >4 >0 > x> O}. To see that A; is a convergence-
determining class for I\/JI(]R?_Oi \ H ;)-convergence, note that A} £ {{z € Rfi :
21 <z <yn..,m <z <y}:l>j x,...,1 €(0,00), y1,...,y € (0,00]}
satisfies conditions (i), (ii), and (iii) of Lemma 2.7, and hence, is a convergence-
determining class. Now define A;(i)’s recursively as A;(i+1) £ {B\A: A, B €
A;(i), AC B} fori >0, and A;(0) = Af £ {{z ¢ ]RiOl cxr < zp,..a <zt
I > j,x1,...,20 > 0}. Since we restrict the set-difference operation between
nested sets, the limit associated with the sets in A;(i + 1) is determined by the
sets in A;(i), and eventually, A7. Noting that A} C (2, A;(i), we see that
A’ is a convergence-determining class. Now, since both P[(Q;, (T)/n,l > 1) €
-] and ugj )() are supported on Rf¢, one can further reduce the convergence
determining class from A’ to A;.

To check the desired convergence for the sets in A;, we first characterize the
limit measure. Let [ > j and x1 > --- > x; > 0. By the change of variables
v =ady; “fori=1,...,7,

Mg)({z € Rfi rwy < 21,1 < 21))

1 =0 [ [ M 2 ) dva()

J -« 1 1
= ]I(j = l) ’ (HCE;) '/0 /0 ]I(gc;avl << m;avj)dvl . --dvj.
i=1

Next, we find a similar representation for the distribution of I'y,...,I";. Let
Uy -+, Uq-1) be the order statistics of [ — 1 iid uniform random variables on
[0,1]. Recall first that the conditional distribution of (I'1 /T, ..., T—1/T) given
I'; does not depend on I'; and coincides with the distribution of (U, . . ., U(l,l));
see, for example, Pyke (1965). Suppose that [ > j and 0 < y; < --- < y;. By
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the change of variables u;

=~y fori=1
P(Fl < Yti, -

sl — 1, and v = yuy,

ST <)

—E[P(T1/T0 < 1/Tis -, Tt /Ty < it /T[T (T < 1)
Yy e 'y,yl 1

:/0 P(U(l) <wyi/vs e Uy S yie 1/7’)( 1)'d'y

Y yi-1/v y1/v
/ e*wvlfl/ / T(uy < -+ <uyq < Ddug -+ - dug_1dy
0 0 0
-1 w 1 1
= Il / 6*7/ / I(y1v1 < -+ S yroav—r < y)dvy - dug—ady
=1 0 0 0
l 1 1
= H% / / e Y (yiv < - < yop)duy - - - duy.
i=1 0 0

Since 0 < Qn(nz1) < ... < Qp(nxy) for zq > -
(nv[n,00)) 7P[Q5 (T1)/n > z1,..., Q5 (T1) > z/]
= (m/[n OO))ijP[Fl < Qn(nxl)

T < Qu(nay)]
= (nv[n, o0) (H Qn(nz; )

[ [ @ <

e >ax >0,

<o < Qulnay)u)doy -+ - duy
Qn(nw;
() (11 Q)

Note that Q,(nz;) — 0 and

— ;¢
nv[n,00)
Therefore, by bounded convergence,

1=j+1

[l [ tezi,

g...g@z(WU)dm...dl
nvln,o0)

nv(n, co) !
Qn nmi)

asn — oo for each 1 = 1

W
(nv[n, 00)) PIQy (T1)/n > a1,..., Q5 (I1) > /]
-« 1 1
I(5 =1) (H:m) / / I(zy v <o <z %v5)dvy - - dv,
0 0
= u({z € RJri cxy < 2,

- X7 S Z[}),

which concludes the proof of (5.13). The conclusion of the lemma follows from
the independence of (Qf (I';)/n,l > 1) and (U;,1 > 1) and Lemma 2.2

Lemma 5.4. Suppose that z1 >
Yy =

distinct.

O
> - >ux; >0, u € (0,1) fori =1,...,5;
>y > 0; v; € (0,1) fori =1,...,k; uq,.

UGV, ..,V aTe all



(a) For any e >0,

{x € G:d(z,y) < (1+¢€)d implies y € G}
ca?
C{z e G:d(zy) < implies y € G}.

Also, (ANB)s € AsN Bs and A UB~° C (AUB)~° for any A and B.
(b) Z —1 @il G(]D)\IIJ)<]-)"S implies xj; > 0.
(c) Y1, Tili, 1) ¢ (D\ Do ;)0 implies x; < 26.

(d) 7 12l — Zle Yilp, 1) € (D\ Dejy)~® implies x; > 6 and yp > 6.

(e) Suppose that§ eDji. Ifl <jorm <k, then £ is bounded away from
D

(f) IFI1(&) > (a—1)j+ (B — 1)k, then £ is bounded away from D UD; .

Proof. (a) Immediate consequences of the definition.

(b) From (a), we see that Zle il 1) € (D\ Do ;)™ and Zf;ll il 1) €
D. ; implies d( 25:1 Tiliy, 1] Zz;ll xil[ui,l]) > §, which is not possible if z; <
J.

(¢) We prove that for any ¢ > 0, Zzzl Tilp,y ¢ (D\ Dej)™ implies
zj; < (24 €)d. To show this, in turn, we work with the contrapositive. Suppose
that ; > (24 ¢)d. If d( 1%ilw,1,¢) < (1 +¢€/2)d, by the definition of
the Skorokhod metric, there ex1sts a non-decreasing homeomorphism ¢ of [0, 1]
onto itself such that || 37 _; 2ilp, 1] — € © ¢llec < (1 4 €/2)5. Note that at
each discontinuity point of 21:1 %1y, 1), ¢ © ¢ should also be discontinuous.
Otherwise, the supremum distance between Z{:l %i1ly,,1) and ¢ o ¢ has to be
greater than (1 + €/2)d, since the smallest jump size of 25:1 wilpy, 1) is greater
than (2 4 €)d. Hence, there has to be at least j discontinuities in the path of
¢; ie., ¢ € D\ D.,;. We have shown that d(zl 12l [1,6) < (14 €/2)0
implies ¢ € D\ D ;, which in turn, along with (a), shows that Zgzl wilpy, 1) €
(D\D<j)~°

(d ) Suppose that Zzzl Tilpy, 1] — Zle Yilp,1 € D\ ID)<j’k)_‘5. Since
S @il — Yt ilpt) € D\ Dy,

j k j-1 k
x; >d (Z Tilpu,1) — Zyil[v,;,u, inl[ui,l] - Zyil[v,;,l]> > 0.
=1 =1 =1 =1

Similarly, we get yi > 6.

(e) Let & = Y7  @ilyy, 1) — Zle Yilpy, 1. First, we claim that d(¢,&) >
z;/2 for any ¢ € Dy, with [ < j. Suppose not, i.e., d(¢,§) < x;/2. Then
there exists a non-decreasing homeomorphism ¢ of [0, 1] onto itself such that

41



|37 4 @il 1] — €0 ¢lle < xj/2. Note that this implies that at each discon-
tinuity point s of &, ¢ o ¢ should also be discontinuous. Otherwise, |¢ o ¢(s) —
E(s8)| +1Cop(s—) —&(s—)| > |&(s) — &(s—)| > x4, and hence it is contradictory
to the bound on the supremum distance between & and ( o ¢. However, this
implies that ¢ has j upward jumps and hence, contradictory to the assumption
¢ € Dy, proving the claim. Likewise, d(¢,§) > yi/2 for any £ € Dy, with
m < k.

(f) Note that in case I(€) is finite, D4 (§) > j or D_(§) > k. In this case,
the conclusion is immediate from (e). In case I(§) = oo, either D, () = oo,
D_(¢) = o0, £(0) # 0, or ¢ contains a continuous non-constant piece. By
containing a continuous non-constant piece, we refer to the case that there exist
t; and ty such that t1 < ta, (t1) # £(t2—) and & is continuous on (t1,t2). For
the first two cases where the number of jumps is infinite, the conclusion is an
immediate consequence of (e). The case £(0) # 0 is also obvious. Now we
are left with dealing with the last case, where £ has a continuous non-constant
piece. To discuss this case, assume w.l.o.g. that £(t1) < £(to—). We claim that
£(t1)

d(g,D; ) > HzEh)

> 2(]_:1) . Note that for any step function (,

1€ —Cll > [€(ta—) — C(ta—)[ V [E(t1) — C(t1)]

> (§(t2—) = C(ta=)) v (C(t1) — &(t1))

> 2{(€t) - 00) — (¢(-) — (1))}

> et )~ Y (cw <))
te(ty t2)

> (et - ) - 20 ()l - I},

where the fourth inequality is due to the fact that || — || > % for all
t € (t1,t2). From this, we get

§(ta—) — &(h) S E(ta—) — &(t1)

A NGRSV

for ¢ € ;. Now, suppose that ( € D; ;. Since { o ¢ is again in D, ; for any
non-decreasing homeomorphism ¢ of [0, 1] onto itself,

§(ta—) — &(t)

which proves the claim. O

Now we move on to the proof of Theorem 3.3. We first establish Theorem 5.1,
which plays a key role in the proof. Recall that D.; = [J, << D; and let

Z5N\{(Gr, - -+ da)} s (ar =D+ -+ (ag—1)lg < (a1 —1)j1+- -+ (ag—1)ja}. For
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eachleZiandi=1,...,d, let Cl(i)(~) = E[z/la{x € (0,00)! : 22:1 ziliy, ) €
}} where Uy, ..., U, are iid uniform on [0, 1], and v/, is as defined right below
(3.1).

Theorem 5.1. Consider independent 1-dimensional Lévy processes X, ..., X (@)
with spectrally positive Lévy measures v1(-),...,vq(+), respectively. Suppose that
each v; is regularly varying (at infinity) with index —a; < —1, and let Xy(,i) be
centered and scaled scaled version of X9 for each i =1,...,d. Then, for each
(J1,---,ja) € 2%,

P(XY,... . X e
[T, (nviln, 00))”

in M(Hle D\ D<(j1,...,jd)) .

d
= O %o el

Proof. From Theorem 3.1, we know that (ny; [n,oo))_jP()_(T(f) €)= Cj(-) in
M(D \ D) for ¢ = 1,...,d and any j > 0. This along with Lemma 2.2, for
each (I1,...,lq) € Z% we obtain

d

_ 1 d
H nv;[n, o) P((Xfr(Ll)a"'vazd)) €:)— Cl(l) XX Cl(d)(')
=1

in M(Hf 1D\ C,,. i) Where Ca,. iy 2 ULy (D! x Dy, x DA9). Since
Deg,..., ﬂ(llwuald)¢ﬂ<(]1 i )(C(ll ,,,,, 1), our strategy is to proceed with

bining the M( H?Zl D\Cq,...., ld))-convergences for (Iy,...,1a) € Ic(j,,... ju)- We

first rewrite the infinite intersection over Z‘j_ \I<(jy,....ju) @s a finite one to fa-
cilitate the application of the lemma. Consider a partial order < on fo_ such
that (I1,...,lq) < (m1,...,mq) if and only if C, . 1.) € Cin,,...mya)- Note

that this is equivalent to I; < m; for ¢ = 1,...,d and I; < m; for at least
one i = 1,...,d. Let J; . ;, be the subset of Z‘i consisting of the minimal
elements of Zi \]I<(]‘1p-~’jd)’ ie, Jj,..50 = {(ll,...,ld) IS Zi \H<(j1,v..,jd) :
(my,...,mq) < (l1,...,1lq) implies (m1,...,mq) € Io¢,, . i} Figure 1 illus-

trates how the sets I(;, . ;,) and le,---,jd look when d = 2, j; = 2, js = 2,
a1 = 2, ap = 3. It is straightforward to show that |J;, ;.| < oo, and that
(ma,...,maq) & Ly, 5, implies Cq, 1) € Clmy ..oy for some (1y,...,1q) €
Jji,....ja; therefore, Do, sy = ﬂ(ll,u.,ld)eﬂjl Cuy,..ig)- In view of this

M2, (nvifn,00))

Ty (niln,o0))

{(j1,---,Ja)}, the conclusion of the theorem follows from Lemma 2.3 if we
show that for each r > 0, &€ £ (£1,...,&q) ¢ (U(lh Deley,. H?:l D;,)"

,,,,, Jja
i

=5 0 for (ll,...,ld) S le,_4,7jd\

and the fact that limsup
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Figure 1: An example of I(;, ;) and Jj, . ;, where d = 2, ji = 2, jo = 2,
ai; = 2, and ag = 3. The blue dots represent the elements of I(;, ;,), and the
red dots represent the elements of J;, j,. The dashed red line represents (I1,[2)
such that (aq — 1)l + (a2 — 1)la = (a1 — 1)j1 + (a2 — 1) 2.

implies £ ¢ (Cq,,..1,))" for some (I1,...,lq) € Jj,. j,- To see that this is

r > 0. Let my 2 inf{k > 0:¢& € (D<k)"}. In case m; = oo for some
i, one can pick a large enough M € Z, such that Me; ¢ I, . ;,) where
e; is the unit vector with O entries except for the i-th coordinate. Letting
(l1,...,la) € Jj,,...j, be an index such that Cq, ;) € Care,, we find that
€ ¢ (Cuy,npy)” S (Cage,)” verifying the premise. If max;—; am; < oo,
e (H:-izl Dy, )" and hence, (my,...,mq) & I<(j,, .. j,), which, in turn, implies
that there exists (l1,...,1q) € Jj, ... 4, such that Cq, ;) € Cin, ... my)- How-
ever, due to the construction of m;’s, each ¢; is bounded away from D.,,, by
r, and hence, ¢ is bounded away from D'~! x D_,,, x D?% by r for each i.
Therefore, £ & (C(,,...1,))" € (Cm,,....m;))"» and hence, the premise is verified.
Now we can apply Lemma 2.3 to reach the conclusion of the theorem. O

Proof of Theorem 3.3. Let X(t) and X (=) be Lévy processes with spectrally
positive Lévy measures v; and v_ respectively, where v, [z, 00) = v[z, 00) and
v_[z,00) = v(—o0, —z] for each x > 0, and denote the corresponding scaled pro-

cesses as )_(,(LH(-) £ X (n-)/n and X(f)(~) 2 X)(n-)/n. More specifically,
let

X (s) = sa+ B(ns)/n+ 711/| - z[N([0,ns] x dz) — nsv(dz))

+ l/ xN([0,ns] x dx),
nJe>1

X (s) == / N ([0,ns] x dz).

n

From Theorem 5.1, we know that (nv[n, 00)) =7 (nv(—oo, —n])_kP(()_(Y(LJr), )_(,(f)) €
) = CF x Cy (+) in M((D x D) \ D 5)) where CF(-) £ E{ug;{x € (0,00 :
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Sy wilwa € ] and GO () 2 E[vh{y € (0,00 : i il € }]- In
view of Lemma 2.6 and that Cj x Cr{(§,¢) e Dx D : (&(t) — &(t—))(C(t) —
¢(t—)) # 0 for some t € (0,1]} = 0, we can apply Lemma 2.4 for h(§,{) = (.
Noting that C;(-) = (C’;r x Cp) o h™*(-), we conclude that (nv[n,o0))™7
(nu(—oo,—n])_kP(X}(f) -x\7 e ) = Cj(-) in M(D\ Dejy). Since X,
has the same distribution as X,SH — _,(f), the desired M(ID\ D} 1 )-convergence
for X,, follows. O

Proof of Lemma 3.1. In general,

(G.k)EZ} (G,k)€Z2
D,k NA#D D, kNA°#D

min_ Z(j,k) < I(J(A),K(A) < min_ Z(j, k),

and the left inequality cannot be strict since A is bounded away from Do 74 k()
On the other hand, in case the right inequality is strict, then D 7(4) x(4)NA° = 0,
which in turn implies Cz (4 xc(a)(A°) = 0 since Cy(4)x(a) is supported on
D7(a),x(a)- Therefore, the lower bound is trivial if the right inequality is strict.
In view of these observations, we can assume w.l.o.g. that (J(A),K(A4)) is also
in both arg min (.k)ez? Z(j,k) and argmin Gk)ez? Z(j,k). Since A° and A
D;, kNA°#D D; kNAZD
are also bounded-away from D 7(4) x(4), the upper bound of (3.9) is obtained
from (2.1) and Theorem 3.3 for A, j = J(A) = J(A), and k = K(A4) = K(4);
the lower bound of (3.9) is obtained from (2.2) and Theorem 3.3 for A°, j =
J(A°) = J(A), and k = K(A°) = K(A). Finally, we obtain (3.10) from Theo-
rem 3.3 and (2.1) with j = [, k = m, F' = A along with the fact that Cj ,,(A) =0
since A is bounded away from D ,,. O

Lemma 5.5. Let A be a measurable set and suppose that the argument minimum
in (3.8) is non-empty and contains a pair of integers (J(A), K(A)). Let (I,m) €
L_7(a).k04)-

(i) If As N Dy is bounded away from D 7(a)xa)y for some 6 > 0, then
AN (Drm)y is bounded away from D 7(ay,kc(a) for some vy > 0.

(ii) If A is bounded away from D 7(ayx(a), then there exists 6 > 0 such
that AN (Dy,y,)s s bounded away from Dj . for any (j, k) € I-7(a) xc(a) \

{U;m)}.

Proof. For (i), we prove that if d(Azs N Dy, Dega),k04)) > 30 then d(AN
(Dl’m)g, ]D)<<._7(A),}C(A)) > 4. Suppose that d(A N (]D)l’m)(;, ]D)<<J(A),IC(A)) < 6.
Then, there exists § € AN (D)5 and ¢ € D 7¢a),k(4) such that d(€,¢) < 0.
Note that we can find ¢ € Dy, such that d(§,¢') < 2§, which means that
§' € Ass N Dy . Therefore, d(Azs M Dy, De 7(a).kca)) < d(E'5C) < d(E,6) +
d(&,¢) <25+ d < 36.

For (ii), suppose that d(A,]D)<<J(A)7)C(A)) >~ for some v > 0 and ({,m) and
(j,k) are two distinct pairs that belong to I_ () x(a). Assume w.lo.g. that
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j <l (If 5 > 1, it should be the case that k < m, and hence one can proceed in
the same way by switching the roles of upward jumps and downward jumps in the
following argument.) Let ¢ be a positive number such that ¢ > 8(I—j)+2 and set
0 = v/c. We will show that AN(D; ., )5 and (D x)s are bounded away from each
other. Let £ be an arbitrary element of AN(ID; ,)s. Then, there exists a ¢ € Dy,
such that d(¢,£) < 24. Note that d(C,ID)<<j(A)7,C(A)) > (¢ — 2)¢; in particular,
d(Q,Dj,m) > (c—2)d. If we write ( = 22:1 il [y 1] = Dorey Yilpw, 1], this implies
that ;41 > 7(0112)6. Otherwise, (¢ — 2)d§ > Zé:j+1 i = ||¢ = > d(¢, ¢,
where ¢/ £ ¢ — Zé:jﬂ %ilyy, 1] € Djm. Therefore, d(¢, D) > (=2)3 " which in

= 2(1-j)
turn implies d(§,D;x) > (QC(;_ngs — 20 > 26. Since & was arbitrary, we conclude

that AN (D; )s bounded away from (D x)s.

O

5.3 Proofs for Section 4
Recall that

1) 2 { (a—1)D1(&) +(B—1)D_(§) if £ is a step function with £(0) =0

00 otherwise

Proof of Theorem 4.2. Observe first that I(-) is a rate function. The level sets

{€:I(§) < z} equal | (1m)ez? Dy ., and are therefore closed—note
(a=1)I+(B-1)m< =]

the level sets are not compact so I(-) is not a good rate function (see, for

example, Dembo and Zeitouni (2009) for the definition and properties of good

rate functions).

Starting with the lower bound, suppose that G is an open set. We assume
w.l.o.g. that infeeq I(§) < oo, since the inequality is trivial otherwise. Due to
the discrete nature of I(-), there exists a {* € G such that I({*) = infeeq I(€).
Set j £ D,(¢*) and k £ D_(£*). Let uf,...,u;r be the sorted (from the
earliest to the latest) upward jump times of £*; xf, . 7:Ej+ be the sorted (from
the largest to the smallest) upward jump sizes of £*; uy,...,u, be the sorted
downward jump times of £*; xi,...,z, be the sorted downward jump sizes
of £*. Also, let xthl =2y, =0, ug =u; =0, and u;rH = u,,; = L
Note that if { € Dy, for I < j, then d(£*,() > xj/? since at least one of
the j upward jumps of £* cannot be matched by £. Likewise, if ¢ € Dy, for
m < k, then d(&*,() > x; /2. Therefore, d(D;,&*) > (a:j' Az )/2. On the
other hand, since G is an open set, we can pick dg > 0 so that the open ball
Beesy, 2 {C €D :d((,€) < do} centered at £* with radius dy is a subset of
G—i.e., Ber 5, C G. Let 6 = (69 A x;r Naxp)/4. If j =k =0, then & =0, and
hence, {X,, € G} contains {|| X,,|| < 6} which is a subset of B¢« 5. One can apply
Lemma A.4 to show that P(X,, € G) converges to 1, which, in turn, proves the
inequality. Now, suppose that either j > 1 or k > 1. Then, d(B¢- 5,D; 1) > 6.
As d(Bg+ 5,D; ) > 0 and Be« 5 is open, we see from our sharp asymptotics
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(Theorem 3.1) that

Cjk(Bers) < I%ngéf(nu[n, 00)) "I (nv(—o0, —n]) " P(X,, € Be- 5).
From the definition of C x, it follows that C;(Be~ 5) > 0. To see this, note first
that we can assume w.l.o.g. that ac ’s are all dlstmct since G is open (because, if
some of the jump sizes are 1dent1cal we can pick e such that Bg- . C G, and then
perturb those jump sizes by € to get a new £* which still belongs to G Whlle whose
jump sizes are all distinct.) Suppose that £* = Zl 1 a: 1[ + 1] Zz 1T, [u ap

where {iT,..., i; it} are permutations of {1,. ..,j} Let 20" £ § A A;‘ /\A;
AL ANA,, where AT = minizl’m,jﬂ(u+ ul 1) A = min;—; i (x;r_l - xf),
A, =min—y  gy1(u; —u;_q), and A = min;—y k(e — ;). Consider a

subset B’ of Bg*

J
+
L PITTRNED St
=1
v;re(ui — &+ 68,y e (@ -8 2 +8),i=1,...,5;
v;e(u;—é’,u;+6’),y;e(x;—5’,x;+5’),z’=1,...,/<;}.
Then,

Cjk(Be~s)
> C, (B

= / dLeb - / dv,,
(uf =8 uf +8") x - x (uf =8 uf +67) (@f =62 +6") % x (zf =5" .z ] +67)

. / dLeb - / dvg
(uy =6 uy +6") XX (uy, —0",u; +0") (xy —=6" 2y +0") XX (x, =62, +0")

> (28")7 (28" (7))’ (25 )* (26" (7)) > 0.
We conclude that

i inf logP(X,, € G) > liminf log P(X,, € B¢+ 5)

n—00 logn n—00 logn

. B J _ _n\k
- i ing 8(Ca (B ) (nvln, 00)) (n(—oc, —nl) (1 +0(1))  (5.15)
n—oo logn

—((a=1)j+(B-1k),

which is the lower bound. Turning to the upper bound, suppose that K is a
compact set. We first consider the case where infec i I(§) < 0o. Pick £*, j and
k as in the lower bound, i.e., I(£*) £ infeex 1(£), j = D4 (€*), and k = D_(£7).
Here we can assume w.l.o.g. either 7 > 1 or k > 1 since the inequality is trivial
in case j = k = 0. For each ¢ € K, either I(¢) > I(£*), or I({) = I(¢*). We
construct an open cover of K by considering these two cases separately:

47



o If I(¢) > I(¢"), ¢ is bounded away from D , UD; j (Lemma 5.4 (f)). For
each such (’s, pick a §¢ > 0 in such a way that d((,D;, UD;x) > dc.
Set jc £ j and k¢ £ k. Note that in this case Cj.  (Bc¢,s.) = 0.

o If I(¢) = I(£¥), set jc = Dy (¢) and k¢ £ D_((). Since they are bounded
away from D.j. . (Lemma 5.4 (e)), we can choose §; > 0 such that
d(C,D<jg,kg) > 5C and Cjcka(BC’gc) < Q.

Consider an open cover {B¢s. : ¢ € K'} of K and its finite subcover { B,;s,, }i=1,...

For each (;, we apply the sharp asymptotics (Theorem 3.3) to BQ;% to get

logP(X, € Bgi;%)

lims < (o= 1)je. — Dk = —I1(£7). 1
ITILII_?Olip log n < (« )ch + (B )kcm (€) (5.16)
Therefore,
) logP(X, € F) . log 3312 P(X, € Bémcv)
lim sup —————% < limsup -

n—o00 10g n n—o00 IOg n
. log P(Xn € BCiQ(SCx )
= max limsup :
i=1,...m oo logn

< —I(€) =~ inf I(6), (5.17)

completing the proof of the upper bound in case the right-hand side is finite.

Now, turning to the case inf¢e x 1(§) = oo, fix an arbitrary positive integer I.
Since D, ; is closed and disjoint with a compact set K, it is also bounded away
from each ( € K. Now picking ¢ > 0 so that Bcﬁc is disjoint with K for each
¢, one can construct an open cover {BC;5< :¢( € K} of K. Let {BCH‘SQ Yi=1,..om
its finite subcover, then from the same calculation as (5.16) and (5.17),

. logP(X, € K)
limsup ————=

< —(a+p-2)m.
n—o00 1Ogn

Taking m — oo, we arrive at the desired upper bound. O

6 Applications

In this section, we illustrate the use of our main results, established in Section 3,
in several problem contexts that arise in control, insurance, and finance. In all
examples, we assume that X,, (t) = X (nt) /n, where X (-) is a centered Lévy
process satisfying (1.1).

6.1 Crossing High Levels with Moderate Jumps

We are interested in level crossing probabilities of Lévy processes where the
jumps are conditioned to be moderate. More precisely, we are interested in prob-
abilities of the form P (supe(o 1[Xn(t) — ct] > a; sup,epo [ Xn(t) — Xn(t-)] <
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b). We make a technical assumption that a is not a multiple of b and focus on
the case where the Lévy process X,, is spectrally positive.

The setting of this example is relevant in, for example, insurance, where
huge claims may be reinsured and therefore do not play a role in the ruin of an
insurance company. Asmussen and Pihlsgard (2005) focus on obtaining various
estimates of infinite-time ruin probabilities using analytic methods. Here, we
provide complementary sharp asymptotics for the finite-time ruin probability,
using probabilistic techniques.

Set A £ {¢ € D : supyepo y[€(t) — ct] > assup,epoy[£(t) — &(¢-)] < b} and
define j = [a/b]. Intuitively, j should be the key parameter, as it takes at least
j jumps of size b to cross level a. Our goal is to make this intuition rigorous
by applying Theorem 3.2 and by showing that the upper and lower bounds are
tight.

We first check that As ND; is bounded away from the closed set D¢;_; for
some d > 0. To see this, it suffices to show that

1) SUP¢e(o0,1) [£(t) —&(t—)] < band SUP¢eo,1] [C(t) = C(t=)] > b imply d(&,¢) >
b’ —b.
3 b

2) supyeo,1)[§(t) — ct] < a’ and supyepo 1)[C(t) — ct] > a imply d(§, () > a;?/

It is straightforward to check 1). To see 2), note that for any ¢ > 0, one can
find ¢* such that ¢(t*) — ct* > a —e. Of course, {(A(¢*)) — eA(t*) < o for
any homeomorphism A(-). Subtracting the latter inequality from the former
inequality, we obtain

and

Ct*) —ENEY) > a—a' —e+c(t™ — AtY)). (6.1)

One can choose A so that d(£,{) +€ > ||A—¢| > A(t*) —t* and d((, &) + € >
I —&o M|l > C(t*) — £E(A(t*)), which together with (6.1) yields

d(é,¢) >a—a — (c+ 1)e—cd(&, ).

This leads to d(¢,¢) > "C_ﬁ, by taking e — 0. With 1) and 2) in hand, it

follows that ¢1(£) £ supyepo,1[§(t) — §(t—)] and ¢2(§) = SUpeo,1[§(t) — ct] are
continuous functionals and A; C A(J), where A(6) £ {¢ € D : supycpo,1[€(t) —
ct] > a—(c+1)d;supyep,)[§(t) — &(t—)] < b+ 36} Since § € A(6) ND; implies
that the jump size of £ 1s bounded from below by (b+30)j — (a — (¢ +1)d), one
can choose § > 0 so that A(6) ND; is bounded away from Dg;_;. This implies
that As N D; is also bounded away from Dg¢;_; for sufficiently small § > 0.
Hence, Theorem 3.2 applies with J(A) = j.

Next, to identify the limit, recall the discussion at the end of Section 3.1.
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Note that A = ¢; [a, 00) N ¢ ' (—0c0,b] and
17 (¢ a, 00) Ny (00, b))
{( u) € S Z 1% Z a+cmax;=1, .. U, MaX;=1,.. . ;T; < b},
-1

) ! (6.2)
(¢1 " (a,00) N ;' (—00, b))

Tj

..........

Il
—
—
8
£
m

n
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8
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We see that ijl(qbl_l[a,oo) N ¢yt (—o0,b]) \T Yo7 (a,00) Nyt (—00,b)) has
Lebesgue measure 0, and hence, A is C} contlnuous Thus, (3.6) holds with

J
C;(A) =E |12 {(0,00)’ le w1 € A} / X H[aw;”‘fldxidui]
(x,u)ETj’l(A) i—1
Therefore, we conclude that
P ( sup [X,(t) —ct] > a; sup [X,(t) — X, (t—)] < b> ~ C; (A) (nv[n, 00)).
te[0,1] tel0,1]
(6.3)

In particular, the probability of interest is regularly varying with index —(a —

1)[a/b].

6.2 A Two-sided Barrier Crossing Problem
We consider a Lévy-driven Ornstein-Uhlenbeck process of the form
dYy, (t) = —kdY, (t) +dX, (t), Y, (0) = 0.
We apply our results to provide sharp large-deviations estimates for
b(n) =P (inf{V, (1) :0<t <1} < —a_,Y, (1) > ay)
as n — 0o, where a_,a; > 0. This probability can be interpreted as the price
of a barrier digital option (see Cont and Tankov, 2004, Section 11.3). In order

to apply our results it is useful to represent Y, as an explicit function of X,,. In
particular, we have that

Y, () = exp (—kt) (Yn (0) + /0 t exp (1s) dX,, (s)> (6.4)

Hence, if ¢ : D ([0, 1], R) — D ([0, 1], R) is defined via
6(6) (1) = € (1) — mexp (—nt) / exp () € (s) ds,
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then Y, = ¢ ()_(n) Moreover, if we let

A={een: it 0@ < - 0©W 20,

0<t<1

then we obtain

b(n) =P (X, €A).
In order to easily verify topological properties of A, let us define m, m; : D([0, 1],
R) — R by m (€) = info<;<1 £ (¢), and m (§) = £ (1) . Note that 7 is continu-
ous (see Billingsley, 2013, Theorem 12.5), that m is continuous as well, and so
is ¢. Thus, m o ¢ and 7 o ¢ are continuous. We can therefore write

A= (mo¢)™" (—00,~a_] N (m 06) " [ar,00),

concluding that A is a closed set. We now apply Theorem 3.4. To show that D; o
is bounded away from (m o ¢)”" (—oo, —a_], select 6 such that d(0,D;0) <
with » < a_/(1+ kexp(k)). There exists a £ € ;o such that d(6,¢) <
r and £ satisfies £ (t) = 23‘:1 1y, 1) (t), with @ > 1. There also exists a
homeomorphism A : [0,1] — [0, 1] such that
sup |A() =tV |(EoN)(t) —0(t)] < (6.6)
te[0,1]

Now, define ¢ = 6 — (£ o A). Due to the linearity of ¢, and representations (6.4)
and (6.5), we obtain that

P (0) () =@ ((§oN) () + ¢ () (1)

= exp (—kt) Zexp (A" (uy)) il n-10u),1) (1) + 2 (2)
j=1

- ﬁexp(—mt)/o exp (ks) v (s) ds.

Since z; > 0, applying the triangle inequality and inequality (6.6) we conclude
(by our choice of r), that

Ogilme) (t) > —r(l+rexp(k)) > —a_.

A similar argument allows us to conclude that Dy ; is bounded away from
(m1 0 ¢) "' [ay,00). Hence, in addition to being closed, A is bounded away from
Do; UDy; ¢ for any ¢ > 1. Moreover, let £ € AND; 1, with

§(t) =2l 1)(t) =yl (1), (6.7)

where > 0 and y > 0. Using (6.4), we obtain that £ € AN Dy 1, is equivalent
to
y>a_, u>v,and z > arexp(k (1l —w)) +yexp(—k (u—v)).
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Now, we claim that

40— {g Dt 6(6)(1) < 6() (1) > a+} (6.8)
— (mo ) (~00,—a_) N (1 0 ¢) " (ay,00).

It is clear that A° contains the open set in the right hand side. We now ar-
gue that such a set is actually maximal, so that equality holds. Suppose that
¢ (§) (1) = ay, while ming<¢<1 ¢ (§) (t) < —a_. We then consider ¢ = =511} (1)
with § > 0, and note that d (£,€ + ¢) < 4, and

P(E+) () = (&) (t) Lo,y (t) + (ay —6) Ipy (1),

so that £ + ¢ ¢ A. Similarly, we can see that the other inequality (involving
a_) must also be strict, hence concluding that (6.8) holds.
We deduce that, if £ € A° N Dy ; with £ satisfying (6.7), then

y>a_, u>v,x>arexp(k(l—u))+yexp(—k(u—v)).

Thus, we can see that A is Cy 1 (-)-continuous, either directly or by invoking
our discussion in Section 3.1 regarding continuity of sets. Therefore, applying
Theorem 3.4, we conclude that

b(n) ~ nvin,oco)nv(—oco, —n]C1 1 (A)

as n — 0o, where

1 o0 1 00
Ci1(A) = / / / / vo(dx) duvg(dy)dv.
0 Ja— Jv Jagexp(k(l—u))+yexp(—r(u—v))

In particular, the probability of interest is regularly varying with index 2—a— (.

6.3 Identifying the Optimal Number of Jumps for Sets of
the Form A={¢{:1 <& <u}

The sets that appeared in the examples in Section 6.1 and Section 6.2 lend them-
selves to a direct characterization of the optimal numbers of jumps (J (A4), K£(A)).
However, in more complicated problems, deciding what kind of paths the most
probable limit behaviors consist of may not be as obvious. In this section, we
show that for sets of a certain form, we can identify an optimal path. Consider
continuous real-valued functions [ and u, which satisfy [(¢) < u(t) for every
t € [0, 1], and suppose that [(0) < 0 < u(0). Define A = {€ : I(t) < &(t) < u(t)}.
We assume that both «, 8 < oo, which is the most interesting case.

The goal of this section is to construct an algorithm which yields an expres-
sion for J(A) and K(A). In fact, we can completely identify a function h that
solves the optimization problem defining (J(A), (A)). This function will be a
step function with both positive and negative steps. We first construct such a
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function, and then verify its optimality. The first step is to identify the times
at which this function jumps. Define the sets

At £ {{E : l(t) <z < u(t)}v A:,t £ msSrStAm
and the times (t,,n > 1) by
tnp1 = 1AIf{t > t,: A, =0} for n>2, t; £1Af{t>0:0¢ A}

Let n* = inf{n > 1: ¢, = 1}. Assume that n* > 1, since the zero function is
the obvious optimal path in case n* = 1. Due to the construction of the times
tn,n > 1, we have the following properties:

e Either I(t1) = 0 or u(t1) = 0.

e Forevery n=1,...,n" =2, sup,cpy, ¢, 1(t) = inficpr,, 1,0 u(t).
o Hpjp = [SuPte[tn*,l,tn*] I(t),infiep, ., ¢,.)u(t)] is nonempty.

Set h,, = SUPLe (b, tnsa] I(t) for n = 1,...,n* — 1, and set hp«_1 = hy;p for any
hyin € Hpin. Define now h(t) as 0 on t € [0,1), h(t) = hy, on t € [t,,tnt1)
forn=1,...,n" — 2, and h(t) = hp»_1 on t € [t,=_1,1]. We claim now that
(J(A),K(A)) = (T({h}),L{R})). In fact, we can prove that if g € A is a step
function, Dy (g) > D4 (h) and D_(g) > D_(h), which implies the optimality of
h. The proof is based on the following observation. At each t,1, either

1) for any € > 0 one can find ¢ € [t,41,tn41 + €] such that u(t) < hy, or
2) for any € > 0 one can find ¢ € [t,11,tn+1 + €] such that I(t) > h,.

Otherwise, there exists ¢ > 0 such that h, € A;,,.,+e, contradicting the
definition of ¢,, which requires A, ¢, ,+ = (). From this observation, we can
prove that on each interval (¢,,t,+1], any feasible path must jump at least
once in the same direction as that of the jump of h. To see this, first suppose
that 1) is the case at t,41, and g € A is a step function. Note that due
to its continuity, I(-) should have achieved its supremum at tsup € [tn,tnt1]s
i.e., I(tsup) = hn, and hence, g(tsup) > hy. On the other hand, due to the right
continuity of g and 1), g has to be strictly less than h,, at t,,41,1.e., g(tnt+1) < hp.
Therefore, g must have a downward jump on (tsup, tnt1] C (tn, tnt+1]. Note that
the direction of the jump of h in the interval (¢, t,+1] (more specifically at t,,41)
also has to be downward. Since g is an arbitrary feasible path, this means that
whenever h jumps downward on (t,,t,+1), any feasible path in A should also
jump downward. Hence, any feasible path must have either equal or a greater
number of downward jumps as h’s on [0, 1]. Case 2) leads to a similar conclusion
about the number of upward jumps of feasible paths. The number of upward
jumps of h is optimal, proving that h is indeed the optimal path.
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6.4 Multiple Optima

This section illustrates how to handle a case where we require Theorem 3.5,
and consider an illustrative example where a rare event can be caused by two
different configurations of big jumps. Suppose that the regularly varying in-
dices —a and —f for positive and negative parts of the Lévy measure v of
X are equal, and consider the set A = {¢ € D : |(t)] > t — 1/2}. Then,
argmin (; i)z Z(j,k) = {(1,0),(0,1)}, and Do = Do, = Doo. Since
D;,kNAFAD

[€(1)] > 1/2 for any £ € A, d(A,Dop) = 1/2 > 0. Theorem 3.5 therefore
applies, and for each ¢ > 0, there exists N such that

(Cl7m(Ao n ]D)I,O) — €)L+ (n) =+ (Clm.b(Ao n DO,I) — €)L_ (n)

P(X,cA) > . ’
ne—
> Cim(A~ND L Cim(A~ND L_
P(X, € A) < ( 1m( 1,0) + 6) +(n) + E 1,m( 0,1) +6) (n)’
ne—

for all n > N. Note that A is closed, since if there is £ € D and s € [0, 1]
such that |£(s)] < s — 1/2, then B(¢, %) C A°. Therefore, A~ NDy g
ANDyo={{ =211z >1/2,0 <u < 1/2}, and hence, Cy (A~ NDy o) =
P(Ul € (O, 1/2])Va[1/2,00) = (1/2)170‘. NOtil’lg that A° ﬂDLQ D) (A QDLQ)O
{§ =2l r 2> 1/2,0 < u < 1/2}, we deduce Cyo(A° ND1o) > P(Uy
(0,1/2))v6(1/2,00) = (1/2)'=*. Therefore, C; o(A°ND1,0) = C1,0(A~ND1 )
(1/2)1—04' Similarly, we can check that CoJ(AO N DO,l) = 00,1(14_ N ]DO,l)
(1/2)'=8 (= (1/2)'~®). Therefore, for n > N,

((1/2)'7* = e)(Ly(n) + L—(n))n' ™
<P(X, €4
< ((1/2)'7% + €)(Ly(n) + L (n))n' .

m

This is equivalent to

0N P(X, € A)
(2) =B T+ Lo

- P(X, € A) 1\
= fmsup (L+(n) + L_(n))nt— = (2> '

Hence,

. P(X, € A) ('
A T ) + L (n))nie (2) '

A Inequalities

Lemma A.1 (Generalized Kolmogorov inequality; Shneer and Wachtel (2009)).
Let S, = X1 + -+ X,, be a random walk with mean zero increments, i.e.,

EX; =0. Then,

9

nV(x)
P(r;lg:fSk >z)<C .

o4



where V(z) = E(X?;|X1| < ), for all z > 0.

Lemma A.2 (Etemadi’s inequality). Let X1, ..., X,, be independent real-valued
random variables defined on some common probability space, and let a > 0. Let
S denote the partial sum Sy = X1+ ---+ Xi. Then

P<1r<n,?§n‘5k| > Bx) <3 max P(|Sk| > z).

Lemma A.3 (Prokhorov’s inequality; Prokhorov (1959)). Suppose that &;, i =
1,...,n are independent, zero-mean random variables such that there exists a
constant ¢ for which |§| <c¢ fori=1,...,n, and Y. var& < oo. Then

Z& >z | <exp arcsmh ___re ,
2 23" varg;

which, in turn, implies

= cx ~%e
P@&”) <(srmz)

We extend the Etemadi’s inequality to Lévy processes in the following lemma.

Lemma A.4. Let Z be a Lévy process. Then,

IP’( sup |Z(t)| > JJ) <3 sup P(|Z(t)] > z/3).
te[0,n] te[0,n]

Proof. Since Z (and hence |Z| also) is in D, supg<<gm |Z(2£)| converges to
SUDPte(o,n) |Z(t)| almost surely as m — co. To see this, note that one can choose
ti’s such that |Z(t;)] > sup,c(o ) [Z(t)] —4i~". Since {t;}’s are in a compact set
[0,7], there is a subsequence, say, t, such that t; — ¢¢ for some t¢ € [0,n]. The
supremum has to be achieved at either ¢, or tg. Either way, with large enough
m, SUpg<j<om | Z(5%)| becomes arbitrarily close to the supremum. Now, by
bounded convergence,

PJ sup |Z(t)| >«
te[0,n]

k
= lim P{ sup Z(n)’ > x}
m—r 00 OSkSQm' 2m
= lim P¢ su i <Z(m) - Z(TM)> >z
m—r 00 O<k.<p2m =0 2m 2m

IN

lim 3 sup P{Z( 2m)Z(n(g;l)))

m—oo g<k<2m

= lim 3 sup P{‘Z(;i)'>x/3}

m—r o0 0<k<2m

> x/3}

<3 sup P{|Z(t)| > z/3},

te[0,n]
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where Z(t) £ 0 for t < 0. O
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