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Functional weak convergence of stochastic integrals for
moving averages and continuous-time random walks

Andreas Sgjmark* and Fabrice Wunderlich'

Abstract

There is by now an extensive theory of weak convergence for moving averages and
continuous-time random walks (CTRWs) with respect to Skorokhod’s M1 and J1 topolo-
gies. Here we address the fundamental question of how this translates into functional limit
theorems, in the M1 or J1 topology, for stochastic integrals driven by these processes. As
an important application, we provide weak approximation results for general SDEs driven
by time-changed Lévy processes. Such SDEs and their associated fractional Fokker—Planck—
Kolmogorov equations are central to models of anomalous diffusion in statistical physics.
Our results yield a rigorous functional characterisation of these as continuum limits of the
underlying models driven by CTRWs. In regard to strictly M1 convergent moving averages
and correlated CTRWs, it turns out that the convergence of stochastic integrals can fail
markedly. Nevertheless, we are able to identify natural classes of integrand processes for
which M1 convergence holds. We show that these results are general enough to yield func-
tional limit theorems, in the M1 topology, for certain stochastic delay differential equations
driven by moving averages.

1. Introduction

In view of the central limit theorem—and its functional extensions—the concept of diffusion is
a remarkably robust modelling paradigm: with the appropriate square-root scaling, it gives the
correct macroscopic description of any random walk whose i.i.d. jumps are of finite variance.
Yet, many phenomena across the natural and social sciences involve heavy-tailed power laws that
lead to different notions of anomalous—or fractional—diffusion for the macroscopic movement
of particles (be they actual particles or some quantities identified as such). This deviation
from classical diffusion lies at the heart of a fast growing field of research known as fractional
calculus, sitting firmly at the interface of mathematical physics, probability theory, and the
theory of partial differential equations.

Befittingly, anomalous diffusion, too, is underpinned by a robust class of limit theorems for
random walks, now with jumps of infinite variance. In fact, not only jumps of infinite variance
are relevant, but also infinite mean waiting times between the jumps, thus leading to the concept
of continuous-time random walks (CTRWSs). For details, see Section B.Jl As long as the jumps
and waiting times are, in a certain sense, attracted to given stable laws, the appropriate scaling
limit will be described by a fractional equivalent of the heat equation for classical diffusion. Here
a fractional derivative in time captures an element of sub-diffusion due to infinite-mean power
laws of the waiting times, while fractional derivatives in space capture elements of super-diffusion
due to infinite-variance power laws of the jumps.

For an excellent introduction to anomalous diffusion and the field of fractional calculus from a
probabilistic viewpoint, we refer to the monograph of Meerschaert & Sikorskii [45]. In particular,
[45, Ch. 4] covers the underlying functional limit theory for CTRWs. The main definitions and
results needed for the present paper are recalled in Section Bl
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As one might expect, stochastic calculus for CTRWs and their scaling limits play an impor-
tant role in the study of anomalous diffusion; see e.g. the treatment of stochastic calculus for
CTRWs in |19] and of stochastic calculus for time-changed Lévy processes in |36, 51]. Since the
justification for continuum models of anomalous diffusion comes from CTRWs and their func-
tional limit theorems, it is essential to understand the behaviour of stochastic integrals driven by
CTRWs, when these integrators converge to their scaling limit. In this paper, we shall address
this question in the sense of weak convergence on Skorokhod space with respect to Skorokhod’s
J1 and M1 topologies, depending on the structure of the CTRWs.

1.1. Anomalous diffusion and convergence of stochastic integrals

In the physics literature, models of anomalous diffusion are often formulated in terms of frac-
tional Fokker—Planck—Kolmogorov equations. The intuition is similar to that of the fractional
equivalents of the heat equation discussed above, only now the equations take the general form

D/p(t, ) = Aup(t,z), p(0,x) = po, (1.1)

where Dtﬁ is a fractional Caputo derivative of order g € (0,1) and A, = A(x, D;) is a pseudo-
differential operator with a given symbol ¥(z, £). One can also have a distributed-order fractional
derivative D} = fol Dtﬁ 1(dB) instead of a standalone Caputo derivative.

In many applications, the Cauchy problem (L)) is intimately linked to an underlying CTRW
model and may be derived in that way, as in the pioneering work of Metzler, Barkai & Klafter
[46]. See also Metzler & Klafter’s influential survey papers [47, 48]. Recently, there has been
a growing interest in stochastic representations for variants of (ILLI]), see e.g. 4, 21, 120, 122,
39, 40, 41/, 142]. This provides a rigorous connection between the Fokker—Planck—Kolmogorov
formulations and single-particle tracking for anomalous diffusion (as surveyed by Metzler et
al. [49]), and it also open up for Monte Carlo methods in the numerical approximation of (LII).

The stochastic representations of (ILI]) generally involve SDEs driven by time-changed Lévy
processes, where the symbol ¥(x,&) of A, corresponds to the characteristic exponent of the
parent Lévy process, while § is the index of stability for a stable subordinator whose generalised
inverse yields the time-change. The analysis of such SDEs is of independent interest and there
is a growing literature on both their qualitative properties, see e.g. [36, |51, [50], and numerical
schemes, see e.g. |17, 29, 31]. Likewise, there is an interest in understanding time-changed
Lévy processes on their own, as in, e.g., |38] motivated by the study of CTRWs, [11] related to
applications in ruin theory, and [10] pertaining to applications in finance.

Following on from the above, Hahn, Kobayashi & Umarov set forth a unifying paradigm for
the study of anomalous diffusion in their recent monograph [63]. In short, they treat the driving
process X—here a time-changed Lévy process—as the central object and call for an exhaustive
exploration of the interconnections between the following three pillars surrounding it: (i) the
underlying limit theory for CTRWs, (ii) the analysis of SDEs driven by X, and (iii) the analysis
of the corresponding fractional Fokker—Planck—Kolmogorov equations.

Regarding (i) and (ii), Section 6.5 in |63, Ch. 6| stresses that an important but less stud-
ied question is that of functional weak convergence for stochastic integrals driven by CTRWs.
Moreover, noting that this lies beyond the reach of existing results, Remark 6.4 of |63, Ch. 6]
discusses the interest in applying such machinery to establish functional limit theorems for SDEs
driven by CTRWs, conceivably leading to limiting SDEs driven by time-changed Lévy-processes
in line with the analysis of such SDEs in |63, Chs. 6-7].

In this paper, we provide a systematic treatment of the functional weak convergence of
stochastic integrals driven by CTRWs, both when the innovations are i.i.d. and when they
display a linear correlation structure. The former leads to universal results on J1 convergence
at a level of generality that the approaches of earlier works did not allow for (see |9, 52, 58]
and |63, Sect. 6.5]), while the latter leads to tailored results on M1 convergence which, as far as



the authors are aware, have not previously been addressed in the literature and which require
entirely new ideas. As an important first application of our results, Section 5.1 derives the
desired functional limit theorems for SDEs driven by CTRWs called for in [63].

A related area of application could be functional limit theorems for stochastic partial dif-
ferential equations subject to Lévy noise, e.g. stochastic generalisations of (1)) as in [34, 135],
provided the Lévy noise is seen as a scaling limit of CTRWs. Moreover, as discussed in [15, [14],
for many physical models one is directly interested in stochastic integrals of some kernel against
a stable Lévy noise justified by stable limit theorems, thus immediately raising the issue of the
convergence of the corresponding stochastic integrals driven by CTRWs.

1.2. Applications in the social sciences

As already alluded to above, CTRWs and time-changed Lévy processes are important objects
in finance, insurance, and economics. A powerful option pricing theory for time-changed Lévy
processes with tempering has recently been proposed in |26] motivated by the tick-by-tick CTRW
models introduced in [57]. Another recent paper [l| studies the link between tick-by-tick and
continuum asset price models, defining them to be compatible if there is weak M1 convergence.
This naturally entails the question of what can be said about the functional weak convergence of
the financial gains (i.e., the stochastic integrals of trading strategies against price processes), as
the driving CTRWSs converge to their scaling limit, noting that the latter takes place in either the
M1 or J1 topology depending on whether the CTRWs have correlated innovations. The classical
case of limiting price processes given by geometric Brownian motion was treated in |12].

In insurance mathematics, certain SDEs driven by Lévy processes are the central objects
in ruin theory with risky investments [54]. Brownian dynamics are justified by suitable scaling
limits of SDEs involving compound Poisson processes [55]. More generally, we can consider J1
or M1 convergent CTRW models for the claims and the risky investments. Our results then give
convergence to the corresponding SDEs driven by time-changed Lévy processes.

Finally, as covered by [52, 53|, functional limit theorems for stochastic integrals driven by
random walks and moving averages, converging to stable Lévy processes, play an important role
in statistical inference for cointegrated processes in econometric theory. [52| gives a rigorous
treatment for J1 convergent random walks, while [53] pinpoints some imprecisions in the lit-
erature and highlights the lack of a systematic treatment for M1 convergent moving averages.
Concerning the latter, we note that also |27, Example 2| brought attention to the relevance of
exploring functional limit theorems for stochastic integrals driven by moving averages. As we
shall see, existing results fall short and it turns out to be far from trivial what one can say.

Rather than going into details about the precise applications, for brevity we instead refer the
reader to a companion paper [61]. There, we apply the results of the present paper to handle
concrete problems emerging from the three strands of literature discussed above.

1.3. Key contributions and overview of the paper

The overall aim of this paper is to give a systematic treatment of weak M1 and J1 convergence
for stochastic integrals driven by moving averages or CTRWs. Our starting point will be the
general framework for weak convergence of stochastic integrals presented in [62], building on the
seminal works |27, 128, 137]. Here, however, we present a more tailored analysis, exploiting the
structure of the particular classes of integrators to obtain results where the general theory does
not apply. Section 2] briefly recalls the central concepts from [62], while Section Bl covers the
precise definitions of moving averages and CTRWs along with the associated limit theory.

In Section B.2] our first contribution is a proof that uncorrelated, possibly coupled, CTRWs
have good decompositions in the sense of Definition 211 (Theorem B.3)). Armed with these good
decompositions, we then derive a universal result on the weak J1 convergence of stochastic
integrals driven by uncorrelated CTRWs (Theorem [B.6]). This provides a positive answer to the



open question discussed by Hahn, Kobayashi & Umarov in |63, Rem. 6.4]. Furthermore, Section
[3.3] derives an analogous result on weak M1 convergence in the case of moving averages and
correlated CTRWs with a finite variation scaling limit (Theorem B.9]).

When the scaling limits display infinite variation, it was shown in |62, Prop. 4.6] that there
can be a severe failure of weak convergence for stochastic integrals driven by strictly M1 con-
vergent moving averages or correlated CTRWs (something which comes down to a lack of good
decompositions). While the work in Section [ follows closely the framework of [62|, we thus
need to develop a more flexible—but less universal—theory in order to handle general moving
averages and correlated CTRWs. This is the topic of Section El

Compared to [62|, the overarching idea in Section M is to allow for a more general class of
integrators that only admit good decompositions after introducing a suitable remainder term,
which has to be well-behaved with respect to the integrands. Section [4.1] presents an approach
based on direct control of the variation of the remainder (Theorem [.6), while Section
explores a procedure based on a certain independence condition between the integrands and the
‘future’ of the remainder (Theorem [L.11]). We suspect that both approaches should be more
widely applicable, but here our focus is on showing that they work well for moving averages and
correlated CTRWs. In turn, Section [4.3] provides two general results on the M1 convergence of
stochastic integrals driven by such processes (Theorems .14 and [£.15]).

We end the paper by applying the above analysis to address fundamental convergence ques-
tions for SDEs and stochastic delay differential equations (SDDEs). Section [5.1] completes the
programme outlined in Section [T, showing that the solutions to the SDEs of interest, driven
by uncorrelated CTRWs, indeed converge weakly in J1 to the corresponding SDEs driven by
time-changed Lévy processes (Theorem [.]). Finally, Section shows how the independence
framework of Section can be used to obtain M1 convergence for certain SDDEs driven by
strictly M1 convergent moving averages (Theorem [£.2]).

The proofs of most results are postponed to Section 6l There, we give the proofs in the same
order as they appear in the main body of the paper.

2. Stochastic integral convergence on Skorokhod space

This section recalls key elements of the general framework for stochastic integral convergence
in the M1 and J1 topologies from [62]. Starting with the notation, we shall write Dya|[0, c0)
for the Skorokhod space consisting of all cadlag paths z : [0,00) — RY, for a given dimension
d > 1. Moreover, we shall use dj; and dyp; to refer to a fixed choice of metrics that induce,
respectively, the J1 and M1 topologies on this space. For details on these topologies, we refer to
[62, Appendix A|. The first key ingredient is a uniform regularity condition on the integrators.

Definition 2.1 (Good decompositions, [62, Def. 3.3]). Let (X™),>1 be a sequence of semimartin-
gales on probability spaces (Q", F" F™ P™). The sequence is said to have good decompositions
(GD) if, for the given filtrations F", there exist decompositions

X" =M"+ A", M" local martingales, A" finite variation processes,
such that, for every ¢t > 0, we have

lim limsup P"(TVy(A") > R) =0 and limsup E"[ |AM2?ATZL|] < 00, (GD)

R—oo pn—oo n—oo

for all ¢ > 0, where 7' := inf{s > 0: [M"[|; > c}. Here TVyy(A") denotes the total variation
of A" on [0,¢] and AM]* := M]* — M]* denotes the jump of M" at time t.

We note that (GDI) plays a role analogous to that of the P-UT and UCV conditions used
in |27, 128, 137] (for details on how these compare with (GD)), see [62]). To address the interplay



between integrands and integrators, we define a function @} : Dga[0, 00) X Dga[0,00) — R of
the largest consecutive increment within a 0 period of time on [0, 7], namely

of (z,y) = Sup{|x(i)(5) O A D) -y D) s <t<u<(s+8),1<i< d} :

where the supremum is restricted to 0 < s,u < T. Here we have used the usual notation
a A b := min{a, b}, and we have denoted by 2@ the i-th coordinate of z. In addition to the
pivotal (GDI) property, the second essential ingredient is the following condition.

Definition 2.2 (Asymptotically vanishing consecutive increments, |62, Def. 3.2]). Let (X"),>1
and (H™),>1 be d-dimensional cadlag processes on given probability spaces (", F",P"). The
sequence (H™, X"),>1 is said to satisfy the asymptotically vanishing consecutive increments
condition if, for every v > 0 and 7" > 0, it holds that
limlimsup P" (@] (H", X™) > v) = 0. (AVCI)
30 n—oo
Whilst the above formulation is taken from |62, Sect. 3.1|, we stress that the idea of enforcing
(AVCI) comes from [27], as discussed in more detail in [62]. Both for intuition and applications,
it is useful to keep in mind the following simple sufficient criteria.

Proposition 2.3 (|62, Prop. 3.8|). In the setting of Theorem the condition (AVCI) is
satisfied if one of the following two criteria holds:

1. The pairs (H™, X™) converge together to (H,X) weakly in the J1 topology, meaning that
the joint weak convergence (H",X") = (H,X) holds on (Dg24[0,00), dj1).

2. The limiting processes H and X almost surely have no common discontinuities, that is,

Disc(H) N Disc(X) = 0 a.s.

We shall also point out that an alternative criterion to (AVCI]) is developed in [62, Thm. 4.8]
which we will use for the formulation of Theorem However, for the majority of this paper,
we shall rely on (AVCI)). Equipped with (GDI) and (AVCI])), we have the following general result
on the weak continuity properties of stochastic integrals on Skorokhod space.

Theorem 2.4 (Weak continuity of stochastic integrals |62, Thm. 3.6]). For given filtered prob-
ability spaces (", F™,F", P"), consider a sequence of semimartingales (X™)p>1 with good de-
compositions (GD)). Let (H™),>1 be any given sequence of adapted cadlag processes for the same
filtered probability spaces such that (i) there is joint weak convergence

(H", X™) = (H,X) on (Dga[0,00), p) %X (Dga[0,00), p)
with p,p € {dmi1,dn}, for some cadlag limits H and X, and (ii) the pairs (H", X™) satisfy
(ANCI). Then, X is a semimartingale in the filtration generated by the pair (H,X) and

<X”, /0 H™ dXQ) = (X, /0 H,_ dXs> on  (Dgaa|0,00), p).  (2.1)

In (2.7), the integrals are understood to be defined component-wise. This also allows one to
handle matrix valued processes and ‘dot product’ integrals, as per [62, Rem. 3.11]. As per [62,
Rem. 3.9], one can also consider the so-called weak M1 topology in Theorem 241

3. On moving averages, CTRWs, and their good decompositions

In this section, we first cover the classical results on functional CLTs for moving averages and
CTRWs. We then examine their regularity as integrators, in the sense of good decompositions
or a lack thereof, and, finally, derive our first results on weak convergence of stochastic integrals.



3.1. Basic definitions and stable scaling limits

We begin by recalling that a moving average (suitably re-scaled) is a continuous-time stochastic
process of the form

1
X = — Ches t >0, n>1, (3.1)
e k=1
where the innovations are given by
o0
Go= > ¢y, i1, (3.2)
j=0
for an ii.d. sequence {f : —0co < k < oo} of R%-valued random variables (on a common

probability space (€2, F,P)). Here, the 6 are asummed to be in the normal domain of attraction
of a non-degenerate a-stable random variable 6 with 0 < « < 2, i.e.

w0+ ...+ 0y) = 0 (3.3)

in R. Recall that 6 is said to have a strictly a-stable law on R if there exist i.i.d. copies 61, 0y, ...
of § such that 61 + ...+ 8, ~ nad for all n > 1. For a = = 2, [B3) holds instead with § being
a non-degenerate Gaussum random variable. Throughout, we assume ¢; > 0 for all j, and we
require that Z?io c? < 00, for some 0 < p < a. The latter ensures that the series (8.2) converges
in LP(Q, F,P)—and, in fact, almost surely (see |3, [33]).

For a zero-order moving average (i.e., c¢ > 0 and ¢; = 0 for all j > 1), it is a classical
result of Skorokhod [59] that X" = Z in (Dga[0,00), dj1), where Z is a Brownian motion if
o = 2 or an a-stable Lévy process (with Z; ~ ) if 0 < o < 2. Avram & Taqqu |3] studied
functional convergence in the general case, showing that X" = (3272 ¢;)Z on (Dga[0,00), d1),
if E[f;] = 0 when 1 < a < 2 or if the law of #; is symmetric when o = 1. We shall assume
throughout that, if 1 < a < 2, then either ¢; = 0 for all but finitely many j > 0 or the
sequence (c;)j>o is monotone and Z?io c? < oo for some p < 1. Under these assumptions,
the aforementioned restrictions in the result of Avram & Taqqu can be omitted (see e.g. [64,
Thm. 4.7.1]). Finally, 3] also showed that if not just ¢y > 0 but also ¢; > 0 for at least one
j > 1, then the convergence cannot be strengthened to hold in the J1 topology.

Continuous-time random walks (CTRWSs) are generalisations of moving averages (B.]), al-
lowing for random waiting times J; (with infinite mean) in between jumps. More precisely, let
Ji,Js, ... be i.i.d. random variables in the normal domain of attraction of a S-stable random
variable with 8 € (0,1), defined on the same probability space as the 6 above. A CTRW
(suitable re-scaled), then takes the form

N

—~

nt)

X = Cks N(nt) := max {m >0 : L(m) <nt}, (3.4)

3
o
il

1

with Ly, := L(m) := J; + ...+ Jy,, and L(0) = 0. Note that N(nt) gives the number of jumps
up until time nt. In the literature two basic types are distinguished: a CTRW is said to be
uncorrelated if ¢; = 0 for all j > 1 and correlated otherwise. Further, we will also use the term
finitely correlated whenever there exists J > 1 such that ¢; = 0 for all j > J.

If the sequences (J;)i>1 and (Cx)r>1 are independent, the CTRW (B4) is typically called
uncoupled. For this (uncoupled) setting, Becker-Kern, Meerschaert & Scheffler [6] as well as
Meerschaert, Nane & Xiao [43] extended the results of |3| for moving averages, showing that
CTRWs exhibit a similar scaling-limit behaviour. That is, for 0 < a < 2, we have

nPN(ne) = D7} (3.5)



on (Dpa[0,00),d1) as well as

X" = <icj) Zp (3.6)

j=0

on the M1 Skorokhod space (Dga[0,00),dn1), where Z is either a Brownian motion (a = 2) or
an a-stable Lévy process (0 < a < 2), and the process

Dl = inf {s>0:D(s) >t}

is the generalised inverse of a [-stable subordinator D with 8 € (0,1). Since D is strictly
increasing, D~! is a continuous process. Moreover, based on the arguments of |3] for moving
averages, it is also shown in [43] how the convergence cannot be strengthened to J1 if there is
J # i such that ¢;,¢; > 0. If ¢g > 0 is the only non-zero constant, then the M1 convergence (3.6
was first shown in [6] and it was later improved to hold in the J1 topology by [23].

One can also consider coupled CTRWs. Let (3.4) be uncorrelated with ¢y = 1, then the
CTRWs are said to be coupled if the pairs of associated innovations and jump times ((x, Ji)r>1
constitute an i.i.d. sequence, while however, we allow for dependence of the components (5 and
Ji. of each pair. In this (coupled) framework, the results of |23, 132] yield

X" = ((Z27)p1)", (3.7)

on (Dga[0,00),dy1) for Z and D! as above and where we have used the notation z~(t) :=
x(t—) and 2 (¢) := x(t+). Should the CTRWs be uncoupled, it follows that Z and D arise as
independent Lévy processes. Consequently, they almost surely have no common discontinuities,
and the limit then simplifies to Zp-1 in agreement with (B.6]) for uncorrelated CTRWs (for
further details on this, see |23, Lem. 3.9]).

Remark 3.1 (Domain of attraction). The above assumptions—on the jumps and the waiting
times being in the normal domain of attraction of the respective stable laws—simply serve to
ease notation. The convergence results discussed above also hold for random variables belonging
only to the strict domain of attraction. Moreover, in the case of zero-order moving averages,
Skorokhod [59] proved a similar convergence result for increments that are but in the domain of
attraction of an a-stable law, where the limit then is an a-stable Lévy process or a Brownian
motion with drift. Our subsequent results can all be extended to these more general settings in
complete analogy with the procedure described next (in Section [B.2)).

Remark 3.2 (Omitting the distant absolute past leaves results unchanged). For moving aver-
ages and CTRWs, the dependence structure can be altered in such a way that there is but a
dependence on finitely many innovations from the absolute past without affecting the conver-
gence results. More precisely, if 7 > 1 and we redefine

i+J

G o= Y ¢y,

J=0

then, if all other assumptions above remain in place, we still have (Z?io cj)_lX" = Zp-1 for
X" either a moving average or a correlated CTRW as in (3I)) or (8:4). This can be shown in
full analogy to the proofs in |3, 43] with the remainder becoming asymptotically negligible.

Throughout the paper, if not stated otherwise, we will work on a given family of filtered
probability spaces, denoted by (2, F™,F" P), for n > 1, with filtrations F” defined by

};” = U(O-(G\Lf(ns)’ N(ns) :0<s St) U gf), t>0,n2>1, (3'8)



where the G can be any system of measurable sets satisfying that, for X" as in (3.4) with
c; = 0 for all j > 1, the independent increment property X;* — X7 1 G holds for all 0 < s < t.
As we will see below, the latter is essential in order to have good decompositions (GDI) for
uncorrelated CTRWs (see in particular Proposition B.4]). We note that each quantity C]’Z,(ns) in

(B3) is, naturally, nothing else than > 72 | (' 1 (ns)=k}-

3.2. Good decompositions for uncorrelated CTRWs

In earlier works on stochastic integral convergence for uncorrelated CTRWs, only the uncoupled
case is considered and the particular approaches necessitated quite restrictive assumptions, see
19, 152, 58] and the overview in |63, Ch. 6]. These works are all based on the general J1 theory
developed in |28, 37| and hence rely on verifying the P-UT condition of [28] or the UCV condition
of [37]. Both conditions imply (GDJ) in the present setting (see |62, Prop. B.3]).

In [58], a sufficient condition for P-UT and UCV is shown to hold for zero-order moving
averages with o € (1, 2] and innovations whose laws are symmetric. Through [44| and the time-
change approach of [36], this is then enough to establish convergence for uncorrelated uncoupled
CTRW integrators, as only a fixed continuous deterministic integrand is considered. Note that
[58, Sect. 4.3] verifies the UCV condition directly for zero-order moving averages with a € (0, 2]
and without the symmetry assumption, but there is an error in the proof. In [9], a sufficient
condition for P-UT and UCV is verified for uncorrelated, uncoupled CTRWs with o € (1,2],
assuming centered innovations. Similarly, the analysis of zero-order moving averages in [52]
relies on a € (1,2] and the innovations being centered.

None of the above arguments generalise to handle coupled CTRWs or the interesting critical
case o = 1 even for zero-order moving averages. It is worth briefly recounting the key step in
the verification of the UCV condition in [52], as this is the closest to the approach we implement
here. The setting is @ > 1 with deterministic waiting times (i.e., essentially 5 = 1) and the
innovations 6y being centered. Leading up to [52, Prop. 3|, a decomposition similar to (3.9)
is introduced. However, the proof of |52, Prop. 3| then exploits the existence of first moments
of the ) to pass over to (in this case equivalently) proving sup,,>; nE[(T 1{jcn|sqp] < 0o. In
general, if the innovations are not centered or if e.g. @ < 1, such a procedure fails to apply
even for zero-order moving averages. Instead, exploiting the tail regularity of the 8 and the
convergence to a suitable time-changed Lévy process, we show that the decompositions (3.9)
are good by virtue of Propositions B.4] and below. The proofs of these two propositions are
provided in Appendix [Al

Theorem 3.3 (Good decompositions in the uncorrelated case). Let (X™),>1 be a sequence of
uncorrelated coupled CTRWSs or zero-order moving averages, as given by B.4) or [BJ) with
co=1andc; =0 for all j > 1. Then, (X™),>1 has good decompositions (GDJ).

We stress that the notion of good decompositions is dependent on the underlying filtration
and here we consider the filtration (3.8]). In order prove Theorem [B.3 for general coupled but
uncorrelated CTRWs, we fix @ > 1 and consider the decompositions

N (nt) N(nt)
Xp= ) G =M+ ) Gligpee + NOOEC <] (3.9)
k=1 k=1
o . " _B _8 . N(nt)
where, for simplicity, we have introduced (' :=n"a(x = n~ a0 so that X{* = ;7 (', and

where we have defined

N (nt)
M =" i leri<ay — NOEG ep<ayl-
k=1



Proposition 3.4. For each n > 1, the process M" defined above is a martingale with respect to
the filtration (F{')i>0 given by F}' := J(C%(ns),N(ns) 10 < s <t), where CN(ns) 18 understood
as Y oy G LN (ns)=k} - Furthermore, we have |[AM™| < 2a, for alln > 1.

Given that not only the number and size of large jumps of the uncorrelated CTRW are tight
on compact time intervals but also the sequence n” N (ne) (as a result of their tightness on the
Skorokhod space, namely ([B.) and (3.6])), whether or not the X™ admit good decompositions
ultimately depends on whether or not the supremum sup,,~, nBIE[C{‘ 1{\({’\31}] is finite.

Define the truncation function h(z) = @ 1{j3j<q) + 580(7) @ 1{jz)>q}- Then, the condition
sup,,> n’E[(] 1{¢r|<ay) < 00 is equivalent to sup,,>; nPE[R((])] < oo, since nPP(|CP| > a) —
a~% as n — oo (noting that P(|61] > x) = O(z~?%) is known to be satisfied for random variables
in the normal domain of attraction of an a-stable law, see e.g. |16],|64, Thm. 4.5.2]). It is
a stronger version of the concept of the so called infinitesimality property described in more
general settings by, e.g., |25, Def. VII.2.33]. We note that similar results to the ones below
also hold under weaker assumptions in this more general framework, in particular without the
assumption of identical distributions.

Proposition 3.5. In the above setting, lim,_,oo nPE[L(C})] = b, for some b € R.

By the above observations, this directly implies Theorem B3l Having established (GD]) for
zero-order moving averages and uncorrelated CTRWs, we can now state the following result on
weak convergence of stochastic integrals driven by these very processes.

Theorem 3.6 (Weak integral convergence in the uncorrelated case). Let X" be zero-order
moving averages or uncorrelated CTRWs [B9) with 0 < a < 2, defined on filtered probability
spaces [B.8). Further, let H" be cadlag adapted processes for the same filtered probability spaces.
If (H", X™) = (H,X) on (Dga[0,00),dn1) X (Dga[0,00),dy1) with X given by Z, Zp-1 or
((Z7)p-1)", and if the (H", X") satisfy (AVCI), then X is a semimartingale in the natural
filtration generated by (H,X) and it holds that

(X", / H dxg> — <X, / H, dX8> on  (Dgaal0,00),ds1).  (3.10)
0 0

Remark 3.7. We note that (AVCI) in Theorem [B.6] can be replaced by the conditions (a) &
(b) set out in |62, Thm. 4.7]. In particular, if we are faced with uncorrelated and uncoupled
CTRWs X™, then these condition are indeed satisfied provided the integrands H", at each time
t, depend only on the trajectory of X™ up to this time (where part (a) can be shown on behalf
of |62, Lem. 4.11]). In specific cases, one might also be able to readily verify (AVCI) directly.
For example, if we consider H* = > 2, gn,i(t?,Xt%) 1(ty,tg+11(7f)a with equicontinuous g, ;, we
can make use of the alternative J1 tightness criteria given in |8, Thm. 12.4] and the J1 tightness
of the integrators in order to show (AVCI).

3.3. Correlated CTRWs and moving averages do not blend in

As we discuss below, one cannot expect moving averages and correlated CTRWs to have good
decompositions in general. However, there is no such problem when 0 < o < 1. The following
result confirms that, in this case, these processes do indeed possess good decompositions (GDJ).

Proposition 3.8 (Good decompositions for 0 < a < 1). If 0 < o < 1, mowing averages as in
BI) and correlated CTRWs as in [B.4]) are processes of tight total variation on compact time
intervals and therefore admit good decompositions.

Due to Proposition B8l we can extend Theorem B.6lto cover integrators which are uncoupled
correlated CTRWs or moving averages with 0 < o < 1. The proof of Proposition B.8 can be
found in Section and the next result then follows from Theorem 2.4]



Theorem 3.9 (M1 integral convergence for 0 < a < 1). Theorem also holds if the X™ are
moving averages or uncoupled correlated CTRWs with 0 < o < 1, where either X = (Z;’;O ¢)Z
or X = (Z]O'io ¢j)Zp-1, provided we replace replace dyi with du.

In the case 1 < a < 2, the situation is very different from that of uncorrelated CTRWs or
zero-order moving averages: even a single-delay correlation structure of the X™ generally does
not translate into admitting good (GDI) and the counterexample in [62, Prop. 4.5] demonstrates
that this can result in a severe failure of the desired convergence (BI0), even for integrands H"
which converge to the zero process almost surely in the uniform norm.

In these circumstances, to preserve integral convergence we can seek to compensate the
lack of (GD)) by imposing additional restrictions on the interplay of integrands and integrators.
Here we pursue such an extended framework for weak integral convergence on Skorokhod space,
covering integrators that are—in a certain sense—close to admitting (GD)).

4. A generalised framework for good decompositions

Considering the correlated CTRW X" defined in ([34) with 1 < o < 2, on a probability space
with filtration ([3.8)), we can decompose "1 X" = U™ + V" with

1 N(nt) 1/}71 o) N(nt)+k
Utn = Uzq'vl + Uz%2 = _é Z ek + —é Z( Z C]> H_k, (41)
nNe k=1 e k=0 \ j=k+1
-1 N(nt) o0 o0
th = — 5 ( Cj> HN(nt)—k-i-la 1/) = Z cj. (4.2)
ne k=1 Nj=k j=0

We recall that the first summand U™! of U™ is nothing else than an uncorrelated uncoupled
CTRW and so, by Theorem B3] possesses good decompositions. If, by suitable assumptions, we
ensure that the second summand of U™ is of tight total variation on compact time intervals, then
it will come as no surprise that weak integral convergence can be achieved by simply controlling
the interplay of the integrands H™ and the processes V". We are going to show that the second
summand of U™? of U™ is of tight total variation on compact time intervals, if we impose a mild
technical condition on the tail summability of the c;, more precisely

o ® e < oo, fl<a < 2
o i . (TO)
Yo <Zj:i cj) < oo for some 0 < p < 1, if a =1.

Remark 4.1. By Fubini’s theorem, Y -, k¢ < oo is a simple sufficient criterion for (T'C)) in
the case 1 < a <2, and sois > oy k¢ < oo for some 0 < p < 1in the case a = 1.

Lemma 4.2. Under (IC), the processes U™ in ([LI]) have good decompositions (GD)).

Proof. As outlined earlier, it suffices to show that the second summand of U™ is of tight total
variation on compact time intervals. If 1 < o < 2, choose p = 1 and, in the case a = 1, let
0 < p < 1 such that (TC) is satisfied. A simple application of Markov’s inequality, monotone
convergence and the identical distribution of the 8y yield

N (nt)

-1 ~ —
B(1Via ™) > B) <B(S2 3 (X o)l > B) <m0

ne p—og =1 no

as R — 00 or n — 0o, where ¢ := » 7%, (3272, ¢;)”, since the p-th moment of 6y exists as its law
is in the domain of attraction of an a-stable distribution with p < a. O

10



4.1. Direct control of variation

The most direct approach to controlling integrals against the V™ amounts to having the H"
‘tame’ the total variation of the V™. If the H™ are pure jump processes, this becomes particularly
simple, leading to Proposition [£4] below.

Definition 4.3 (Random countable partition). We will call 7 := {sx : £k = 0,1,2,...} U{T'}
a (countable) partition of [0,T] if Up—olsk, sk+1) = [0,T) and [sg, Sg+1) N [Se, se41) = O for all
k # £. In addition, if the s, are random variables, the partition is said to be random. Further,
we denote the mesh size of such partition by |7| :=supy_q; [skt1 — sil-

Towards the next proposition, let (H™),>1 be a sequence of adapted pure jump cadlag
integrands such that, for every T' > 0, the set Discjo r(H") = {sx : k = 0,1,2,..} U{T} is a
countable partition of [0,7]. Further assume X" = U™ + V", V™ are semimartingales adapted
to the same filtration as the H™, where the U™ have (GDI), X" = X on (Dga[0,0), p) with
p € {dy1,dm1} and U™ = X on (Dga|0,00),dpm1) for some X, and

(Z Veris = Varl > )\> — 0 for each T, \ > 0. (4.3)

Proposition 4.4 (Pure jump integrands and control of variation). Let H™, X" be as stated
above. If (H", X™) = (H, X) on (Dga[0,00),dn1) X (Dgal0,00),dyi) and the (H™, X™) satisfy
(ANCI), then it holds

X" / H™ dX" — <X, / H,_ dXS> on  (Dg2a[0,00),dyi1).
0

The approach of controlling directly the activity of the V"™ is not restricted to pure jump
integrands. Indeed, we can ask for the integrands to be Lipschitz continuous in such a way that
they exhibit enough inertia to not be able to react in a critical way to changes of the V" and
therefore not 'pick up’ too much of the latter’s variation through integration.

Definition 4.5 (GD modulo controllable activity). Let (X™),>1 be a sequence of d-dimensional
semimartingales on filtered probability spaces (Q", F", F" P") and let X be defined on (2, F,F,P).
We say the sequence (X"),>1 has good decompositions modulo a weakly asymptotically negligible
process of nY-controllable activity on an n~*-fine partition—abbreviated as GD mod CA(y, \)—
with v, A > 0, if there exist processes (U")p>1, (V")n>1 on the same filtered probability spaces
as the X" such that

(i) the U™ are semimartingales having (GDl) and U™ = X on (Dga[0,0), dn );

(ii) the V™ are adapted, cadlag pure jump processes of finite variation such that, for every
T > 0 there exist random partitions 7" = 7™(w) of [0,T] with |7"| < n™ as well as
Discjo, ) (V™) € 7" almost surely, and it holds

n 3 Vel =0

senn n—oo

(iii) X" =U"+V" = X on (Dga[0,00), dy1).

Theorem 4.6 (Lipschitz integrands and GD mod CA). Let (X"),>1 be a sequence of d-dimensional
semimartingales on filtered probability spaces (2, F™,F™ P") which are GD mod CA(~,75) as in
Definition [[.5. Further let (H"),>1 be a sequence of adapted cadlag processes on the same fil-
tered probability spaces and suppose that, for every n > 1 and T > 0, H"][O,T] s almost surely
Lipschitz continuous with Lipschitz constant CTn ™7, i.e.

[HI' = HY| < Crn? 77 |t — 5|
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forall0 < s <t <T, where Cp > 0 only depends on T'. Suppose further that both (H™,U™) and
(H™, X™) satisfy (AVCI). If (H", X™) = (H,X) on (Dga[0,00),dm1) X (Dgal0,00), p), where
p € {dy1,dm}, then X is a semimartingale in the natural filtration generated by (H, X) and

<X”, /O T dxg) — <X, /0 . dXS> on  (Dgeal0,00), p).

Remark 4.7. By definition of the consecutive increment function @ in (AVCI)), we note that,
since X = U™+V", showing (H", X™) and (H",U") satisfy (AVCI)) is equivalent to establishing
(AYCI) for (H™, X™) and (H™, V™) or (H™,U™) and (H™, V™).

As one would hope, moving averages and correlated CTRWSs constitute a natural class of
processes which enjoy the GD mod CA property.

Proposition 4.8 (CTRWs are GDmod CA). Moving averages (B1) and correlated CTRWs
B4) with 1 < a <2 and ([IT), are GDmod CA(v, B) for all v > (8 — B/«).

4.2. Control through independence

Instead of restricting the class of admissible integrands to such processes which act as a direct
control to the activity of the V", as pursued in Section [I1] there is another more probabilistic
approach that suggests itself: if we impose that the integrands must not anticipate the ‘future’
behaviour of the integrator remainders V™ (i.e., adequate independence) and the (conditional)
expectation of the latter is suitably centered around zero, then this should offer enough control
for a weak continuity result of stochastic integrals. In the sequel, we will provide a precise
framework for the implementation of this idea. Throughout, we write | X |} := supg<s<; | Xs| for
the running supremum of X over the time interval [0, ¢]. S

Definition 4.9 (GD modulo processes controllable by independence). Let (X"),>1 be a se-
quence of d-dim semimartingales on filtered probability spaces (2", F™,F™ P") and let X be
a process on some filtered probability space (Q,F,F,P). We say that the sequence (X"),>1
has good decompositions modulo a weakly asymptotically negligible processes controllable through
suitable independence of the integrands—abbreviated as GD mod CI—if there exist processes
(UM)ps1, (UM)p>1, (V™)p>1,4 > 1, which are defined on the same filtered probability spaces as
the X™ as well as f : N — (0,00) and A, x> 1 such that

(i) the U™, U™ are semimartingales having (GD) and U" = X on (Dga[0, 00), dn1 );

(ii) the V™! are pure jump semimartingales, with finitely many jumps on compact time inter-
vals, and let 0]"" < 0" < ... be stopping times such that Disc(V"™") C {o;" : k > 1} and
denote A™(t) := sup{k >1: ¢ < o;"'}. Further, it holds:

(iii) for every T > 0 and i > 1, the sequence of random variables sup;>; |[A™*(e)/f(n)[3
is tight in R;
(ii.ii) for every n,k>1, >, |V(:,€;ll| is integrable and we have

n,t 0N
E™ [ng | Vn7k—1aVn,k—2,---aVn,1:| = 0;
k

for all ¢ > 1, where V,, , := a(V"n”jj ij > 1);
Ik
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K f(n)
lim sup E"{ Vn> )‘] < and
n>1 kZO )
K f(n)
lim sup Z E"[ Vn<)“} < 00, foreach K >0,
n>1 k=0

where f/k"7> =32 |V;;ZZ| 1 and Vk - = |V:,;Zl| 1
k k

{vir>13 {vihl<iy
Tk Tk

(ili) X?=U" 40"+ 32, V™ = X on (Dgal0,00), dp).

Moving averages or correlated uncoupled CTRWs with centered innovations and 1 < o < 2
provide a natural vast group of processes which are GD mod CI under (TCJ).

Proposition 4.10 (CTRWs with 1 < a < 2 are GDmod CI). Let X™ be moving averages as
in BI) or a correlated CTRW as in B4) with 1 < a < 2. IfE[fy] = 0 and (TC) hold, then the
sequence X" is GD mod CI with

o if X" is a CTRW: o' = ot = S°k_| Ju/n and

i CZee) ™ : :
V= — 7§<Zw> ON@mt—i+1 LN@mey>iy,  Jor all i,k > 1;
ne 0=i

o if X™ is a moving average: O’Z’Z =0} =k/n and

i (et & .
Vt = — 7&( E Cg) thtJ,iJrl 1{LntJ2i}7 fOT all i,k > 1.
no =i

Theorem 4.11 (Independent integrands and GD mod CI). Let (X™),>1 be a sequence of d-
dimensional semimartingales on filtered probability spaces (™, F", F™ P") which are GD mod CI
and let (H™),>1 be a sequence of adapted cadlag processes on the same filtered probability spaces.
Suppose that for every n,k,i > 1 it holds

(H" Ct>0,j>1,0< k> il V"ni v (4.4)

t/\Z Ok—1 Ok

and that the pairs (H™, X™) satisfy (AVCI) or the criteria set out in [62, Thm. 4.7].
If (H", X™) = (H,X) on (Dga[0,00),dn1) X (Dgral0,00), p), where p € {dy1,dn}, then X
is a semimartingale in the natural filtration generated by (H, X) and it holds

X" / H™ dX” — <X, / H,_ dXS> on  (Dgza[0,00), p).
0

Remark 4.12. A close inspection of the proof of Theorem [.1T] reveals that if instead of (ii.ii)
in Definition [£.9] we assume just

E" |:Van’l |Vnk 1,Vnk 2,...,Vn71:| =0 (4.5)

k

it suffices to replace the ﬁrst bound by the direct control

Kf(n) oo
lim limsup P”( Z Z |Vn’2’>| > M> =0 (4.6)

M=o n—oo =1 i=1
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for all K > 0. Under this alternative set of assumptions, Theorem ETIT] is clearly still valid.
Indeed, in this case, ([@6]) fully controls the second probability term in ([6.2I]) and we proceed in
full analogy to the proof of Theorem [£.I1] for the remaining part.

Corollary 4.13 (CTRWs with e = 1 are GD mod CI). Let X" be a moving averages as in (B.1)
or a correlated CTRW as described [B4]) with o = 1. If the law of Oy is symmetric around zero
and Y 01 Y pe. e < 00, then the sequence X™ is GD mod CI.

4.3. Final results for moving averages and correlated CTRWs

From Theorem and Propositions .8, we immediately obtain the following result on weak
integral convergence of Lipschitz integrands with respect to moving averages and CTRWs with
1<a<2.

Theorem 4.14 (Weak integral convergence for CTRWs I). Let X" be a moving average as in
BI) or an uncoupled correlated CTRWs as in (34) with 1 < a < 2 and (IC). Furthermore,
let H" be processes adapted to the filtration [B.8)) and let v € (0, 8/a) such that for every T > 0
there exists Cp > 0 with

|HY — H'| < Crn’|t—s| forall 0<s,t<T.

]f (Hn,Xn) = (H,X) on (DRd[O,OO),dMl) X (DRd[O,OO),dMl) with X = (Z;).;O Cj)Z or X =
(3520 ¢;)Z(D7 (o)) and the (H",X™) and (H",U") satisfy (AVCI), where U™ denotes the
corresponding moving average or (correlated) CTRW, then X is a semimartingale in the natural
filtration generated by (H,X) and it holds

<X”,/ H! ng) = <X,/ H,_ dXS> on  (Dgeal0,00),dnn)-
0 0

Just as we have used Theorem and Propositions 8] to deduce Theorem .14l we can
similarly obtain a tailored result for moving averages and CTRWs with 1 < a < 2 on behalf of
Theorem ATl and Proposition [0l (respectively Corollary [£13)). Towards a simplification of
notation for the next theorem, we will comprehend Ly, as the quantity defined before (34 if we
consider CTRWs and Lj = k if we consider moving averages.

Theorem 4.15 (Weak integral convergence for CTRWs II). Let X™ be a moving averages as
defined in BI) or an uncoupled correlated CTRW as in [B4]) with 1 < o < 2, which are adapted
to filtrations F™ and (LCl) holds. Moreover, assume that we have E[fy] =0 if 1 < a < 2 and
that the law of 0y is symmetric if « = 1. Furthermore, let H"™ be cadlag processes adapted to the
filtration (B.8) such that for all n,k > 1,

H" |

v AL 0 (Op—t, Jogs  1>1,0=0,1,2,...k A (T +1)) (4.7)

where J =sup{j > 1:¢ =0 for ¢ > j}. If (H",X") = (H,X) on (Dgal0,00),dm1) X
(Dga0,00), dm1) with X = (3_720¢;)Z or X = (3272, c;)Z(D71(e)), then X is a semimartin-
gale in the natural filtration generated by (H, X) and it holds

(X", / H" dXQ) — <X, / H,_ dXs> on  (Dgaal0,00), dy1 ).
0 0

Proof. To prove the theorem, according to Theorem [A11] and Proposition [£10] we only need
to verify (44) as well as the alternative conditions to (AVCI) given in [62, Thm. 4.7(a)&(b)].
On behalf of [{@7), it is straightforward to show (4] under the choice of V™ and 0} given in
(616). With regards to the alternative condition to (AVCI) given in |62, Thm. 4.7], choosing

op = Li/n for CTRWs and o} = k/n for moving averages, (b) follows immediately from the the
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M1 tightness criterion involving the modulus of continuity w” in [62, Def. A.7| by noting that
X" restarted from o7} is in itself a moving average or uncoupled correlated CTRW, which then is
tight on (Dga[0, 00), dyi) according to Section Bl Turning to condition (a), it is direct to use
|62, Lem. 4.11] together with (7)) and the fact that X™ is a moving average or an uncoupled
CTRW, i.e. the waiting times are independent of the innovations. O

Remark 4.16 (Weaker assumptions on the integrands). It must be pointed out that the conver-
gence (H", X™) = (H, X) on (Dga[0,00),dn ) X (Dgal0, 00), dyp) can be significantly weakened
and the results in Theorems [3.6] A.14] and (as well as the more general results in Proposition
(44 Theorem .6l and Theorem [4.1T]) still hold true. We refer to [62, Prop. 3.22] for more details.

Remark 4.17 (Sum of admissible integrands). A close inspection of the proofs of Theorem [£.T4]
and Theorem as well as the proofs of |62, Prop. 5.3 & Thm. 3.6] reveals that if we are
given integrands H™ = H'" + H?>" where H'" satisfies the assumption of Theorem E.14] and
H?™ meets the assumptions of Theorem (where we can replace the convergence condition
with the relaxed assumptions described in Remark [A.1€]), then we obtain the desired integral
convergence result from Theorem [£.14/ for H".

5. Applications to SDE and SDDE models of anomalous diffusion

In Section [Tl we discussed the connection between fractional Fokker—Planck—Kolmogorov equa-
tions and SDEs driven by time-changed Lévy processes. As a concrete example, consider a spher-
ically symmetric Lévy process Z (with characteristic exponent W(¢) = —[¢|?) time-changed by
the inverse of a §-stable subordinator D. Under suitable assumptions, an SDE of the form

dX; =o(Xyo) dZDt_1, Xo ==,
will then have transition densities p(t,z) governed by
DJp(t,x) = =n(0) (=8) % (0(2) p(t, 2),  p(0,) = &,

where —(—A)% is a fractional Laplacian and k(«) is the appropriate diffusivity constant. In
order to connect the continuum formulations with CTRW driven models, a natural approach is
to exploit the results on stochastic integral convergence established earlier in the paper, similarly
to the classical results of [60] and |37, Sect. 5|. Beyond establishing a rigorous theoretical link to
CTRW formulations, this also provides a natural numerical scheme for the simulation of SDEs
driven by time-changed Lévy processes and, consequently, the associated fractional Fokker—
Planck—Kolmogorov equations through a Monte Carlo procedure.

While Section 5.1] implements the above, Section proceeds to consider SDDEs. Specif-
ically, our aim is to illustrate that, for such equations, it is possible to have functional limit
theorems on Skorokhod space even if the driving CTRWs are strictly M1 convergent. This is
achieved by exploiting the framework of Section To keep the analysis manageable, we focus
on moving averages rather than more general correlated CTRWs. In turn, the limiting equations
are driven by a standalone Lévy process rather than a time-changed one.

5.1. Functional limit theorems for SDEs driven by CTRWs

A series of papers [29, 131, 39] have investigated weak and strong approximation schemes for
SDEs of the general form

dX; = p(D;Y, Xy)_dD; ' + o(D7Y, X)) - dBp -1

5.1
Xo—a. (5.1)
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where B is a Brownian motion B and D is a subordinator. Motivated by stable limit theorems, we
focus on stable subordinators for concreteness, but the main thing is simply that the subordinator
is strictly increasing. A recent work [30] extends the results of [31] to allow for a traditional
drift term, but only of the specific form b(D; 1) dt. In general, d¢ terms are problematic because
they break the useful duality with non-time-changed SDEs explored in [36].

As discussed in |63, Ch. 6.6], the inverse subordinator and time-changed driver in (5.1
are not Markovian and do not enjoy independent or stationary increments, so one cannot rely
directly on the usual tools for classical SDEs such as the Euler method. On the other hand,
CTRW approximations present themselves as a natural alternative (see e.g. [44, Ch. 5] for the
simulation of CTRWs and their use in simulating time-changed Lévy processes).

Section 4 of the aforementioned work [36] studies theoretical properties, such as existence
and uniqueness, for the more general class of SDEs

dX; = b(t,D; ", Xy)— dt + plt, Dy, Xy)- dDy '+ o(t, Dy Xe)— dZ

Xo =1 ()

for suitable Z and D. As we have done throughout, here we take Z to be an a-stable Lévy
process and D! to be the inverse of a SB-stable subordinator, so that our analysis aligns with
the stable limit theory recalled in Section Bl We are then interested in connecting (S)) with
the approximating SDEs

{de = b(t, Df, X{')— dt + p(t, DP, XP)_ dD} + o(t, Dp, XpP)_ dZp 5

XOZ.%',

where D" := n"?N(ne) and where the Z" denote uncorrelated uncoupled CTRWs defined as
in (34) with ¢; = 0 for all j > 1. Of course, one could also consider weakly convergent initial
conditions independent of the other stochastic inputs.
In terms of structural assumptions, we take the functions b,u,o : Ry x R?2 — R to be
continuous as well as satisfying, for all T, R > 0, a strictly sublinear growth condition
sup sup  ([b(t, 7, 9)| V |t 7. 9)| Vo(t,7,9)]) < Kly[”+C, (5.2)
0<t<T |j|<R
where the constants K,C > 0 and the exponent p € (0,1) may depend on 7', R. Here we
have used the usual notation a V b := max{a,b}. Imposing strict sublinearity for the growth
condition in the space variable serves as a tool to prove suitable tightness of the solutions X"
on the Skorokhod space. In typical SDE configurations, one would often allow for linear growth
by resorting to Gronwall type arguments. For example, one could aim to rely on the general
stochastic version of Gronwall’s lemma in [18, Thm. 1.2], but the lack in predictability and
integrability of the integrators for classical upper bounds does not permit a direct application.
With the above assumptions, we obtain the following functional central limit theorem for
SDEs driven by CTRWs. It gives existence of a solution to the SDE ([§) and shows that the
limits points of (Sg]) are supported on the solution set. The proof is given in Section

Theorem 5.1 (Convergence of SDEs driven by CTRWSs). Any subsequence of the solutions
(X™)n>1 to (Sul) has a further subsequence converging weakly on (Dgr[0,00), dj1) to a solution
X of Q). If there is uniqueness in law for (), then (X™),>1 itself converges weakly to this
unique limit.
5.2. Stochastic delay differential equations driven by moving averages
For a given delay parameter r > 0, consider the stochastic delay differential equation
dXy =b(t, Xy—p)—dt + o(t, X¢—r) - dZ(t)
Xs=mns, s€[-r0]
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whose driver, Z, is a stable Lévy process. Such a model can capture phenomena driven by
anomalous diffusion in the space variable, where the rates of change for the drift and diffusion
depend on the state of the system some time into the past.

When Z is a Brownian motion, discrete approximation schemes for delayed systems such as
(S) have been examined in [63]. We also note that [24] studies convergence of stochastic integrals
for SDDEs, again in the Brownian setting, but there the focus is on characterising the small
delay limit. Here we are interested instead in the stability of (EI) with respect to the driver Z
when this arises as the weak scaling limit of moving averages in the M1 topology. To this end,
we shall rely on Theorem One could also consider the corresponding systems driven by
time-changed Lévy processes, and hence study the weak convergence in terms of general CTRWs.
However, in order to keep the treatment succinct, we prefer to illustrate the procedure with the
simpler moving averages as drivers.

Consider the SDDE from (S) with initial condition € Dg[—r,0] and continuous b,o :
R4+ x R — R satisfying for any 7" > 0 the boundedness condition

sup sup |b(t,x)| V|o(t,z)] < oo. (5.3)
0<t<T z€R

Let (X™),>1 be a sequence of solutions to the SDDEs

dXp = b(t, X", )— dt + ¢ to(t, X],)- dZ} 5.
X" = p(s), sel-r0 "
where ¢ := ZkJ:O ¢ and the Z™ are moving averages as defined in ([B1) with ¢; = 0 for all j > J
and some J > 1 as well as E[§y] = 0 if 1 < a < 2 and the law of 6y being symmetric around
zero if @ = 1. Then, we know from Section B.I] that ¢~'Z" = Z on the M1 Skorokhod space.
Notice that the Z™ are pure jump processes with finitely many jumps on compact time intervals
and therefore solutions to do not only exist but are also explicit. We are interested in the
weak convergence of solutions of to a solution of (S) on on (Dg[0,00), dy ).

To prove this result, we must first show some form of relative compactness for the sequence
(X™)p>1 of solutions to . Unfortunately, the development of general convenient criteria
established on the M1 space fell short of the one on its J1 counterpart (e.g. Aldous’ criteria [,
Thm. 16.10] or Rebolledo’s criteria [56]). Still, a useful condition for relative compactness on
the M1 space has been given by Avram & Taqqu |2, Thm. 1|. This condition allows it to reduce
the classical criteria involving the modulus of continuity w” (see e.g. [62, Def. A.7]) to a version
based on intervals with respect to fixed times if one can ensure a certain uniform bound which
is essentially scaled by the length of the intervals, and we will be able to use this in order to
show the M1 relative compactness of the X™.

Once this has been shown, it is straightforward to deduce that any subsequence has a further
subsequence which converges to some limit (a priori dependent on the specific subsequence) and
such that the integrands on the right-hand side of satisfy the weaker integrand conditions
mentioned in Remark Clearly, (AVCI) is trivially satisfied for the drift integral in (Sy)
due to Proposition 23] and thus these converge suitably according to [62, Prop. 3.22|. On the
other hand, if the integrators and integrands of the diffusion integral meet assumption (7)) of
Theorem [AT5] then Remark yields additionally the desired convergence of these integrals.
Since the limit of the drift integrals is continuous, we ultimately deduce the desired convergence
of both sides of on the M1 space. The proof is given in Section

Theorem 5.2 (Convergence of SDDEs driven by moving averages). For any subsequence of the
solutions X™ of , there is a further subsequence converging weakly on (Dgr0,00), dyi) to
a solution X of (S). If there is uniqueness in law for (I), then X™ = X on (Dg[0,0), du1),
where X is the unique solution.
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One can easily extend the previous result to SDDEs of the type
dX; = b(t, X)) dt + [o(t, Xp—r)— + 0(t, Xji—p ) -] dZ4 )
Xy = nu), ué€l-r0]

where Z, b, o and n are defined as before in (EI) and X|;_, ;) denotes the path segment (Xs)t—r<s<t

Here & is of the form ,

5-(75’ X[t—r,t}) = / (I)(taSaXS) ds

t—r

where @ : [0,00) x [—7,00) X R — R is such that for every 7" > 0

sup sup  sup |®(t,s,2)] < oo.
te[0,T] se€t—rt] z€R

We let @ be continuous in the third component (i.e., z — ®(¢,s,x) is continuous for fixed ¢, s)
and Lipschitz on compacts in the first component: for all T > 0 there is L7 > 0 such that

\@(t,s,x) - q)(f,s,x)] < Lt ’t_ﬂ

forany 0 <t <t < T,z € Randt—7r < s < t. Obviously, the map = — (8 Tje—re])
is continuous from (Dg|0,00),dy) into (Cr[0,00),| - |%). Indeed, relative compactness fol-
lows from the Arzela-Ascoli theorem, and pointwise convergence can easily be shown by dom-
inated convergence, the continuity of ® in the third component and the fact that x, — z in
(Dgr[0,00),dp1) implies in particular z,(s) — z(s) for all but countably many s € [0,00). An
example of such a & could be the convolution with a Lipschitz kernel p : [—7,0] — R, that is
O(t,s,Xs) :=p(t —s) f(Xs) for t —r < s <t, where f is bounded and continuous.

Corollary 5.3 (Another class of SDDEs). Denote by (S*) the approzimating SDDEs for (E]) in
analogy to how and (EI) relate. For any subsequence of the solutions X™ of (Sn), there is a
further subsequence which converges weakly on (Dgr[0,00), dyi) to a solution X of (EI) If

is unique in law, then X™ = X on (Dg[0,00), dn), where X is the unique solution.

6. Proofs of results from Sections [3], 4, and

6.1. Proofs pertaining to Section [3.3l

Lemma 6.1. Zero-order moving averages and uncoupled uncorrelated CTRWs (i.e., (31 or
B4l) with ¢; =0 for all j > 1) are of tight total variation on compacts.

Proof of Lemmal61. We are only going to prove the lemma for CTRWs. The proof for moving
averages can be conducted in a very similar way. Let X™ be defined as in (8.4) with ¢y = 1 and
c; =0 for all j > 1. As a pure jump process, the total variation of X" is

N(nt)

TVig(X™) = S [G/ne].

k=1

Fix ¢t > 0 and let € > 0. Given the tightness from (35)), there exists K;. > 0 such that

P( sup n PN(ns) > Km) = P(N(nt) > nBKm) < =
s€[0,t] 3
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Hence,

Ln/BKt&J
9 _B
P<TV[0t](X ) > Ct,e) < 3 + P(n"« ;; Gkl > Ct,e)
€ K s s

< Z a < a .

<3+ ]P’( ; ICk| > Ciena | R P ICk] < Cren ) (6.1)
8

+ IP’(k:L“rflLa;éKt’eJ ICk| > C’mna) (6.2)

and we are going to determine a suitable C;. > 0 such that (€]]) and (6.2) are each bounded
by &/3, then implying that the sequence X™ has tight total variation on [0,¢]. Firstly,

8 K o 8
62 < Ky n® ]P’(]Cl\ > Cmna> = o= [Cm nﬁ]P(ygl\ > Cmna”.
t,e

Due to the alternative characterisation of the domain of attraction of an a-stable law (see |7,
(1.1)] or |16, p. 312/313|), the tail probabilities of {; behave with regularity P(|¢1| > z) ~ x~°.
Hence, we can choose ng > 1 such that for all n > ng it holds

cggnﬁp<|gl| > ct,eng) < 9

implying that for all n > nyg,

62 < (6.3)

Concerning (6.1]), we will make use of the Fuk-Nagaev inequality (see |7, Theorem 5.1(i)] and
take into account the remark in |7, p.12| that the inequality only requires the bound P(|¢;| >

x) <cx ) with X =, and z =y = Ct,ang to obtain

B

K
GBI < ed ' |nP K| (Ciena)™® < ex’! be

o (6.4)
Ct,z—:

for some constant A > 0 independent of all other quantities. Therefore, choosing n > ng and
Cte > 0 large enough, we are able to bound (6.I) and (6.2) by /3 on behalf of (6.3]) and (6.4]).
Since all X™ are of local finite variation, the family {TV}y4(X") : n < ng} is obviously tight
and we deduce the existence of Cy. > 0 such that P(TV|g4(X") > Ci.) <e. O

Proof of Proposition[3.8. Consider the decompositions (£I)) and ([£2]). Note that

) N (nt)
TV g(U™) < TV(U™) + n #3737 cppe) 104
k=0 (=1

and TVo 4(V™) < TV 4(U™"), where Ut = nb/e Zg:(?t) 0y denotes the uncorrelated CTRW.

Since TV 4 (U™ is tight by Lemmal[G.I] it only remains to show that n =5/« ZZOZO(Z?:(T) Ckre) |0k
is tight on compact time intervals: the case of only finitely many c¢; # 0 is straightforward. As-
sume now that there are infinitely many c; # 0 and for the sake of simplicity that the sequence

(¢j)j>1 is non-increasing. Let ¢ > 0, ¢ > 0 as well as 0 < p < a < 1 such that 372, c? < 00,
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and note that then 6y € LP(Q2, F,P). Therefore, since o < 1 and hence  — /o < 0, we have

N (nt)

< Bmi(ZCHz) |>R>

=0
0o K.nP
<n Ble < Ck+€> 0| > R>
=0 (=1

< % P

< % + ]P’(kzzo e |0k > nﬁ/a5K£€>

5o <%w—w<i )]
k=0

by monotone convergence and the identical distribution of the 6, where K. > 0 is such that
sup,>; P(n PN (nt) > K.) < /2. Thus, we have obtained the desired tightness. O

6.2. Proofs pertaining to Section [4.1]

Proof of Theorem [].6 We proceed by mimicing the proof of |62, Thm. 3.6] and refer to the
latter for definitions of the quantities used subsequently. Note that it suffices to show that
X is a semimartingale with respect to the natural filtration generated by the pair (H, X) and
we obtain a convenient bound for the quantity (T4) defined in the proof of the proof of [62,
Thm. 3.6]. Denote U™ and V" the decomposition processes of X" according to Definition
Given that (H", X") =44 (H,X) on a co-countable set of times due to the convergence on
the Skorokhod space, also (H",U") =44 (H,X), and (|[U"[})n>1 is tight as a result of the
tightness of the U™ on the Skorokhod space (Definition [£.5)i)), hence [62, Prop. 3.5| yields that
X is a semimartingale with respect to the natural filtration generated by (H, X) since the U"
have (GDI). Now, in order to derive the desired bound on (T4) from the proof of [62, Thm. 3.6],
note that it is enough to show

lim lim limsup E"“/ (H — H n|m€) dX"
0

e—~>0 m—oo p0o

*
ANl ] =0
for each T' > 0. Since X" = U™ + V™ and the U™ have (GD)), it only remains to bound

lim lim limsup E"“/ (Hg_—HnImE) avy
0

e—=0 mM—0o0 00

*Al] — 0 (6.5)

as for E"[| [ (H — H:Jm’e) dU |7 A1] we can proceed as in the proof of |62, Thm. 3.6] (and
just replace X™ by U™ in this proof). Fix 7' > 0 and let 7" = {s}! : k = 0,1,...} be the respective
partitions of [0,7] from Definition E3[(ii). For simplicity of notation, we will denote s, := s}..
First note that for every n € N and any cadlag process G of finite variation, integration by parts
for Lebesgue-Stieltjes integration yields

/ GS_ dV" V’t Gt — ‘/0 GO - Z Sok G52k+1At_G82k/\t]

for all ¢ > 0. Now, choosing G := H" — H"!™¢ where we recall that by definition |H™ —
Hrlmelt < ¢ we obtain
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*

A= | [ avy
0

T

Sk+1 Sk+1

00
< 28“/11‘; — Z ’V;Z‘ ‘(H;Lk_Hng,E) . (Hn _Hn|m,€)’.
k=0

Since H™!™¢ by definition is constant between the partition points of p"™E(H™), we have

Ay < 26 V5 + D | A 0 S (L I S - o |
k>0
Ap€p™=(H") : sk <p<sp41
+ S W - HRme) (- =)
k>0

Ipep™(H) : s, <p< s

< 2|V + > Vel |Hg, — Hg, |
k>0
Ap€p™ (H") : sk <p<Sp41
+ > V| |(HE, — Hel™e) — (HE | — H2Ime)
k>0
Apep™=(H") 1 55 <p<spy1
< 2V 4200077 Y [V + S VR HE - HEI™ (6.6)

te¢n k>0

Ap€p™(H") 1 s <p<spy1

where we have made use of the Lipschitz continuity of the H™ and sz,; — s < [ < n77.
Since V" = X" — U™, (|[V"|%)n>1 is tight in R as a result of (|[U"[5)n>1, (| X™[5)n>1 being tight
in R (due to the tightness of U™, X™ on the Skorokhod space), and by Definition [£.5(ii), for the
first two terms of (6.6]) it holds

lim 1 P (= V"5 + 20707 "> ) = .
lim - lim sup e|V*r + 2Crn Z V' > ~ 0 (6.7)

for all v > 0. Considering the last term of (6.6), we continue bounding it by

o Vil HL - =L

Sk+1
k>0

Apep™=(H") 1 sk <p<spy1

E : n n n|m,e § n n _ pgn|me

k>0 k>0

Apep™(H™")\p™ : sp <p<Spy1 dpep™ s <p<spy1
n n n n n|m,e

< § : ("/;k_ min{tepm:tzsk}’+’ min{tEpm:tZSk}‘) ’Hsk_Hsk ‘

k>0

Ipep™E(HM)\p™ : s, <p< spy1

+ € > v (6.8)
k>0
dpep™ s, <p< Sk
Since V" = X™ — U™ and both X", U™ converge weakly in M1 to X (and therefore their finite-
dimensional distributions converge to those of X along a co-countable subset), there exists a
dense subset D C [0, 7] such that the finite-dimensional distributions of V" converge to 0 along
D. Let w/, J > 2 be such that 7/ = {r;; : 0 =1y <7rj2 < .. <755 =T, r;; € D} such
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that |77] := maxo<i<j|rit1 — 7z — 0 as J — oco. Recall that the number of partition points
of the deterministic partition p"" is bounded by some constant k,, only depending on m and 7.
Then, we continue by estimating

Z “/52’ < Z <(‘ max{tEWJ:tgsk}’ Vv H/ST/:_ n?in{tEWJ:tZSk}’)
k>0 k>0
IpEP™ 15, <p<spr1 IPEP™ s <p<spi1

+ (|V£ax{t€ﬂJ:t§sk}| Vv |Vrﬁin{t€7ﬂ:t23k}|))
< ko (V" 7)) + 3 max V)
tem
< b (W@ 7)) + (X" |7)) + 3max 1)) (6.9)
tem

for all J € N. In particular, we have used for the second inequality that, by the triangle
inequality, “/;"2_‘/7’1‘\/“/7’2_‘/7’3‘ < ’W3_W2‘+w/l(vn‘[0,ﬂ70) forO0<rm <rg<r3<T, ‘743_741, <
6, where w” denotes the modulus of continuity (as e.g. defined in [62, Def. A7]). Moreover, for
the third inequality, we have employed that V™ = X" — U™ and the property w”(X™ — U™, 0) <
w”(X™,0) +w" (U™, 0). Further, the number of partition points of p™<(H™) \ p™ is bounded by
NI (H™), where NI is the maximal number of e-increments of H™ on [0,7T] as defined in |62,
Eq. (3.9)]. On behalf of the bound (6.9), (6.8) can be further estimated by

> Vil [HE, — HE ™

k>0
Ipep™e(H™) : s, <p< spi1

km

< NI(H") sup |HY — H| [V =Vl + 2 NI(H™) D V.|
0<s<u<r<T p=1
[s—r] <2|p™|

+ ek max (V7] + ek (0" (X oy, [77]) + " (U0, 1))

< 2N (H") (IH"[7 + [V"[7) @3y (H", V")
km
+ e NI'(H™) Z\Vtm\ + ckm max 28

+ ek (0 (P gy, 177 I |[0,T},|w"|>) (6.10)

where the ¢;" denote the partition points of the partition p™ (which without loss of generality
can be assumed to be in the dense set D). Furthermore, w is the consecutive increment function
from Definition The last inequality is based on the fact that |zy| < (=] V |y|)(|z] A |y])-
Combining (6.6) with (6.I0), for all J > 1 we obtain

*

/ (H™ — H"™*) qun
0

< 2V + 20077 ) [V
T

tec¢n
NI (H™) (Mg + V7)ol (™, V™)
km
+ 2¢ NI'(H™) Z Vin| + €km max [V,
p=1

+ 5km(w”(Xn|[0,T]a =) + w" (U1, |7TJ|))- (6.11)

We know that |H™|% is tight since the H™ are tight in M1. The same holds for |V"|}. as
VP = X" — U™ and both X™ and U™ are tight in M1. In addition, for fixed € > 0, it is known
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that NI'(H™) is tight (see e.g. [62] Cor. A.9). In addition, we have assumed (AVCI) for the
sequence (H™, V™) which is nothing else than

lim limsup P" (w|Tpm|(H", V) > 7) =0 (6.12)

m—=00  p—oo

for all ¥ > 0 and T' > 1. Furthermore, for fixed m > 1, J > 1, due to the convergence of the
finite-dimensional distributions of V™ to 0 along D, it holds that

km
Vil —— 0 and  max [V"| —— 0. (6.13)
. t n—00 tem t n—00

b=

Finally it is well-known that the tightness of the X™ and U™ on the M1 Skorokhod space implies
in particular

lim lim sup IP’"( w" (X" 0,1 |7TJ|)+’£U”(U”|[O7T], |77 > 7) = 0. (6.14)

J—=00  pooo

With regards to (6.11), we now employ (6.7)), (612), (6.13) and (6.I4]) to deduce

*
>7>:O

s
e—=0 m—oo s T

lim lim limsup P”(‘/ (H' — H n‘ms) dv”
0

for all v > 0, which immediately yields (6.5). O

Proof of Proposition[{.4. Proceeding analogously to the proof of Theorem above, it suffices
to note that for every € > 0, it almost surely holds

/ (H™ — H"!™F) dV"
0

Z ’ Hn‘mEH Sk+1_vn’ < EZ ’ Sk+1_vn

since, given that the H" are pure jump, so are the H™ — H™|™¢ with Disco, 7 (H"— H™ | e C
Discjo,r)(H™). Thus,

n n nm n n n )‘
IP’('/(HS_ nimey gy 2)\><IP’<Z\SH1—V Zg>m0

by ([@3) for each A\, e > 0. O

*

T

Proof of Proposition[{.8 By Lemma and the convergence results for uncorrelated or corre-
lated uncoupled CTRWs in ([B.6]), it remains to show (ii) of Definition 5l To this end, fix T" > 0,
v>p—pB/aandlet p=1if 1 <a <2and 0 < p <1 such that (TC)) and p(y + 5/«) > 3 hold
if a = 1. First note that for every random variable s :  — [0,7], by monotone convergence
and identical distribution of the 6, we obtain

nip cy? p
E[V?1P] < —5 E[l6o]”] (6.15)
n «
where ¢ := Zfol(z ,¢j)P < 00. Recall in particular that the p-th moment of §y exists as its
law is in the domam of attraction of an a-stable random variable where 1 < o < 2. For every
n > 1 define (random) partitions (™ by

k
- {WT : k:0,1,...,n5} U {0<s<T:AN(ns)£0}

—. 2
:;7{'”71 =
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and the second set 72 contains precisely the jumping times of V" on [0,T]. Moreover, the

mesh size of the partitions satisfy |7| < n~? and each of the elements of 7" is independent of
the Zj. In addition, since ¢t — N (nt) is a counting process,we have

card(7™?) = card <{ 0<s<T : AN(ns)#0 }> = N(nT).

Now, let ¢ > 0. Then, by tightness of n~?N(ne), there exists K. > 0 such that P(N(nT) >
K.nP) < e. Hence, we have

(o S 0> a) < B X s )

semn” seqnl

+ IP’( RS % , N(nT) < Kenﬁ) n IP’(N(nT) > K€n5>

semn?

o’ n” Ken? n”
<P ;\V%T] > 5| +P ;\VL”MT] > =] +e

n

where Ly = Zle J; is defined before ([B.4]). Then, by Markov’s inequality and (6.I5])—since
the times kn AT and Ly AT, k =0,1,2, ..., are independent of the §,—this implies

nf K.nP
— n 2 P n R n
P(n T 11> 2) < (55) (T EIVELPL + X BIVEP]) + ¢
nB
secn k=1 k=1
PEahy—P B
< 2°¢yp™P(K. + 1)n E[[60]°] +

NP+ 5)

for all n > 1. Since v > § — B/« by assumption, and p is such that p(y + 8/a) > 3, we get

20e) P (K, + 1)n?
B(n Yo > a) < ZEEE D gy po
seon APnPr+3) n—00

and, as € > 0 was arbitrary, this yields (ii) of Definition for GD mod CA(~, ). O

6.3. Proofs pertaining to Section

Proof of Propositon[{.10, We will only prove the claim for correlated uncoupled CTRWs, the
proof for moving averages can be conducted in full analogy. Set U” = 0 and note that ¢y =1 X™ =
U™ + U™ + 352, Vi, where U™ is defined as in ([@I). Due to Lemma B2 and the convergence
results for uncorrelated and correlated uncoupled CTRWs in (3.6]), only (ii) of Definition 9] is
still to be shown. ‘

With stopping times o} = o} = 25:1 J¢/n, k > 1, we obtain by definition of N(nt),

7,0 1 -
T —ﬁ<203) Or_ii1 (6.16)
Tk Yne M5

if k& > ¢ and it is equal to zero otherwise. Hence (ii.ii) of Definition follows from the
independence of the 6 and the fact that they are centered as well as the integrability of the 6.
Since A™(t) = N(nt), by definition of the o, and given that |N(ne)/n?[} is tight in R for every

To this end, let k£ > 1 and v > 0 such that a—v > 1. Denote & := 1> 2 ¢y < 1,¢:= > 2, .
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Then, using Jensen’s inequality, monotone convergence and the identical distribution of the 6,
we obtain

Bla—v)

E[(Vk”’>)a_7] <& 'nT e E [\00\“—7 1 (6.17)

{90>”§}]

where we recall that V"> = "% ]V A 1{\V"7;ii\>1}' Further, we continue by
o'k’

a—y _ a—vy ey
E |90| 1{|90|>n§}] ~/(n§,oo) Z d(I)(QT) + \/(_007_71%)( ,I) d(I)(gj)
= — /(ng - 2O d(l — (I))(x) — /(_OO _ng) (_x)oz—V d(l _ q))(x) (6.18)

where we have denoted the cdf of 6y by ®. Integration by parts now yields

/3 2277 d(1 — ®)(z) = [:ga*m - @)(x)]ng - (a—’y)/B 2271 — @)(2) da
> " 0 P14+ 0(1) — (a—n) /B 221701 4 0(1)) da
3 B 3a—7) _pr 3oy
> - « - 7 a = —— «
> 2n + 2 n 2y n

for n large enough, where we have used that (1 — ®)(z) < P(|0g] > =) ~ 2~ and o(1) is the
Landau notation for an asymptotically vanishing function in n or x respectively. Analogously,
we achieve the same lower bound for the second integral of (6.18]). Hence, this implies

E[\eo\au s | <22
{l6o] >na} ¥
for n large enough, and combining this with ([6.17]), we deduce
Knf ~
~ 3 6aKc*™7
S R[] < Dl -t < B2 <o
Y Y

k=0

to the first uniform bound, using that EHHOIO‘*V*] <ooand ¢ < 1. O

Proof of Theorem [{.11]. As in the proof of Theorem H.0] it suffices to show that

lim limsup limsup ]P’”( ‘/ (HY — nlma) avy
0

el0 m—oo n—00

*T > 77) =0 (6.19)

for every T,n > 0 with V" = 2221 V™%, For this we exploit the main ideas of the proof of |3,

Lem. 2(b)] and adapt it to our setting. Fix T > 0, n > 0 and denote H"|™* := H™ — H"I™=,
For all £ > 0 and n,m > 1 it holds that

A?’LZ

t o0
| ave =y Z L AV
O'
0 i=1 k=1 3
0o Anzt) OOAnZt)
. Z Z Hn\ms n,i Z Hn\ms n,i
- 0'
i=1 k=1 i=1 k=1 i
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Let § > 0. By (ii.i) of Definition 9] there exists K > 0 such that

il

[ e
0

>17> §5+P”< sup
T :

jzlvvf(n)K5 k=1 =1 k k
j oo
+ IP’"( sup Z Z arlme 745 Q). (6.20)
J=1,...,f(n)Ks k=1 i=1 %% T k-1 2

We begin by bounding the first probability summand in (620) and the bound for the second
probability term can then be obtained in full analogy. To this end, we define

Z]?’S — Z Hn|m5< i En[vn,z,_‘vnk 1y voey Vi 71})

Z]?’> — Z H:J;ne <V:7{,ii> + En[ n,l, |Vnk 1y oony V 71})
k

i=1 k

<
where we have denoted V"’Z’— = Vnnll {Wn i<y @8 well as V"’Z’> = V" g
Ok Ok

is defined as in (ii.ii) of Definition E9 Let us remark that Z," <+ Zr” = =2 H n‘ms v
k

{|Vnz |>1}, and an
%

The discrete-time processes j — Zizl < and j— Z n ~ are both martingales with

respect to the filtration {o(V,, ¢, Hpe: € < ])}]21, where Hn,g :: (H:L/\Un’i :t>0,i>1). To
£

see this, it suffices to note that for k > j we have

E" (2% | Vo Mo £ < 5] = E" [E"[Z,’:S [ Vits s Ho €< 5] [ Vit M 1 < |

E[H|m<v = B VIS Vi vn,lD [ Vies o, Hu :esj'] ~ 0

O'kf

n‘m7

for all # > 1. Based on the measurablhty of H with respect to H,, 1 as well as assumption

(@4), that is the independence of V", m and 7—[,17@ for all ¢ < k, we obtain

E" |:}~Inn;n7€ <Vnn’ll’§ - E" |: n,z,S |Vnk 1y - Vn,l]) | Vn,ﬁa /Hn,ﬁy Hn,k S ]:|

Ok — I

= i (B [ VIS [ Ve, nz,%n,k:esj'] —E”[ Vo= [ Ve “fb

k

:Hn\ma (En[ nz<|vnz £§]1| _En[ n,z,<|vnz fﬁj])zo

o Ik Ik
We proceed similarly for the process j 2] Z;»” by using Vn’l’> = V™ — VS and
oy Tk

(ii.ii) from Definition L9 Since both j Z S and j — Z Z»~ are discrete-time
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martingales, we can apply Doob’s maximal inequality to obtain

Ui
>2)

k=1 i=1 " k
J J
< P sup Z Z,?’S > 1) 4 pr sup Z zr | > 1 (6.21)
f(n)Ks f(n)Ks

IN

n,>
Zk

oy el Sz |

1
and by Bahr-Esseen’s martingale-differences inequality (cf. |5, Theorem 2]), this can be further
estimated by

k=

f(n)K f(n)Ks

5 1
E”HZ“( } E"[
k=1

2#4 u

m. (6.22)

k=1

equality we deduce

|

Z= ‘M} < (2P EM(V"S)*] for all n,k > 1,

since |H"!™#| < ¢ by its definition. Analogously we obtain the estimate E"[|Z;"~|"] <
22 A EM[(V,»7)*]. Hence, based on (IB:ZZI), this yields
n
> —
:)

n\ma n,i
"'LZ

limsup P ( sup

n—o00 1,. ,f(n —1 i—1
F(n)Ks 3

< max {e) Cay limsup - ( (V5] +E"[(vgv>)k]) (6.23)
k=1

Definition and (IZZZ{I) tends to O as —> 0 . Analogously to the above procedure, one can
achieve the same bound for the second probability term of (6.20) and hence deduce (€.I19). O

Proof of Corollary[{.13 We only need to verify the conditions (L3 and (£G) from Remark
T2 as the remaining properties of Definition 9] follow in the exact same way as outlined in
the proof of Proposition EI0 (we recall, with f(n) = n?). Due to the symmetry of the law
of the ), ([&H) is obtained immediately with the V™% and o' as in ([6.16). Moreover, since

8
t— > ,Eiltj n=P/2g, is a subsequence of the zero-order moving averages (B0 converging weakly
in the J1 Skorokhod space, to every § > 0 there exists I's > 0 such that

KnP
b P(Z Loy >noray > Doy 70726, > T5> <4
n

as the maximal number of large oscillations as well as the absolute size of jumps is tight see e.g.
|62, Thm. A.8 & Cor. A.9] However, this yields

Knf oo Knf
<ZZ ‘Vn,l,> 2 M> < P(é Z niﬁ/awk‘l{|0k\>n5/a} > M>

k=1 =1 k=1
<5+ P(ely > M) =90

for M large enough, where ¢ = =130, 3¢ ¢;. A § was arbitrary, we deduce (L6). O
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6.4. Proofs pertaining to Sections [5.1] and

Lemma 6.2. The solutions X" to (S,) are stochastically bounded uniformly in n, that is
limy, 00 sUp,>1 P(|X"[7 > 1) =0 for all T > 0.

Proof. To alleviate notation, we will only provide a proof for the case C' = 0. On behalf of
the decomposition ([B.9), we can write Z™ = M™ + A", where the M"™ are local martingales
with |AM"| < 1 and the A™ are of tight total variation. Thus, with & := [b| V |u| V |o| and
A" :=1d+D™ + A", and the elementary inequality ac < (a® + ¢?)/2, we obtain

3 t 2 L -

xm? < 5|( /0 o(s, DY, X1)- AM™) " + /0 5(s, DI, X2 ATV g(A")],  (6.24)
for t > 0. Let T,e,n > 0 and define stopping times 7, := inf{¢t > 0 : |X}’| > n} AT and
pn = inf{t > 0: |[DP| > R} AT with R > 0 such that sup,,» P(p, < T) < € (this is indeed
possible since, according to ([B.3]), the D™ converge in the Skorokhod space and are therefore
stochastically bounded). Then, we may continue by

Tn/\Pn 2 2
PIXly > ) < PXE, >0 +e < B(([7 ots 0 x)- aam)” > 1)

+ IP’<K2 /OTW” | X2 d TV q(A") > %2) +e
< P((/OTMP” o(s, D, X™)_ dM”>2 > %2)
+ P( TV (4") > %) +e (6.25)

using ([6.24]), the strict sublinear growth bound (5.2]) as well as that |X7?| < g for all s < 7,.
An application of Lenglart’s inequality [25, Lem. 1.3.30b] to the first term of (6.25) (with the
quadratic variation as L-domination process; applicable since the integral with respect to M"
is a local martingale) yields

3y —|— 3 0P

P(|X™|% < aT o
(X" >n) < 3K2

+ (M) > ) +P( TV (A") > )+ (6.26)

_J
nQpKZ

for all v > 0, where we made use of the strict sublinear growth bound (&.2]). Clearly, the A" are
of tight total variation on [0, 7] and the tightness of the [M"]r follows from another application
of Lenglart’s inequality [62, Lem. 5.4], the good decompositions of the Z™ and their tightness in
the Skorokhod space. Choosing v € (2p,2) yields v/n% — 0 and v/n* — oo as  — 00, s0 we
deduce the claim from (6.20) and the fact that e > 0 was arbitrary. O

Proof of Theorem [521. As for Lemma [6.2] purely for simplicity of notation, we assume C' = 0 in
(B2). To avoid repetition, we note that we can proceed similarly to the proof of Theorem
below, and so it suffices to jump directly to the verification of the following properties:

1. the X™ are tight on the space (Dg[0,00),d);
2. as well as there being convergence

/,u(s,D?,X" dD":>/ (s,D;',Y,)_dD;' and
0

/0 o(s, D", XT)_ dZ":>/ (5, D71,Y,)-dZ

whenever (X", D") = (Y, D71) and (X", D", Z") = (Y, Z) for a cadlag process Y.
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For the second convergence of the second claim, as in the proof of Theorem [5.2] it is straight-
forward to show that the (o(e, D}, X7'), Z™) satisfy the assumptions of [62, Prop. 3.22]. The
good decompositions of the integrators follow from Theorem According to the brief remark
after |62, Thm. 4.8], we can replace [(AVCI) by the conditions (a)&(b) set out in |62, Thm. 4.8].
Taking o} := Ly /n the jump times of Z", condition (b) follows as detailed in the remark after
|62, Ex. 4.11]. In terms of (a), we note that H" := o(e, D", X}') is adapted to the filtration
generated by {0x (), N(ns) : 0 < s <t}, t > 0. Thus, we deduce

(Hg,...,Htrz)_l(Al X .. X Az) m{Q2 < O'ZJrl} N {Ug < ql} € 0(91,...,9k,J1,...,Jk+1)

for all A;,..., A € BR), n,k > 1, q1,q2 € Q and t1,....,t; < g2, while Z7 nobe T Z;LLL is
0(Ok+tis Jr+14i : @ > 1)-measurable. Applying [62, Lem. 4.12] yields condition (a ) and hence the
second convergence. The convergence of the first integrals follows directly from [62, Prop. 3.22]
and the fact that (AVCI) is satisfied by Proposition 2.3 due to continuity of D~!.

In order to show [ we employ Aldous’ J1 tightness criterion given in |8, Thm. 16.10],

requiring us to verify that for every T' > 0 and ~ > 0 it holds

hm sup,>; P(|X"[7 > R) =0 and limlimsup sup, P(| X}, s — X[ >n) =0 (6.27)
00 n—oo
where the inner supremum on the right-hand side runs over all F"—stopping times 7 which
are bounded by T. The first part of (6.27) follows immediately from Lemma Towards
the second part of (G27), let ¢ > 0 and fix n,7 > 0. Choose R > 0 large enough such
that sup,~; P(|X"[7, V [D"[},; > R) < €/4 and define stopping times p, := inf{t > 0 :
| X7V |DP| > R}. Then, for any F"-stopping time 7 bounded by 7" and § < 1, we have

&
POXPys = X7 > 1) < 5 BUXD g0, — Xinpl > 1), (6.28)

By (S4)), the definition of p, and the strict sublinear growth condition (£.2]), the second term on
the right side of (6.28]) can be further estimated by

Ui
PUXGsonn = Krngol > 1) < <D(r+5) = Drnp, > m)

(7496) /\pn n
‘ / (s, D", X™)_dz"| > 5) (6.29)
where we recall that D™ = n~?N(ne). While the first term on the right side of (6.29) disappears

uniformly in n when § — 0, this is also true for the second term. Indeed, recall that since
D™ = D=1 on the J1 space and D~ is continuous, it holds in particular that

lim lim sup IP’< sup  (DP — D) > A) =0 (6.30)
00 n—oo 0<s<t<T+1
t—s<§

for all A > 0. Thus, it suffices to investigate the convergence of the third term on the right-hand
side of (6:29). Choose a > 0 such that (3aKRP/n)? < €/4, set C, := sup,,> n’E[¢(}! 1iensay] <
oo (cf. Proposition BH), and let Z" = M™% + A™* be good decompositions (B3] so that
|[AM™® < a. Making use of the concrete form of the good decompositions as well as again the
definition of p,, and the strict sublinear growth condition (5.2]), we obtain

’T+6)/\Pn (T+6 /\pn 2 772
\/ o xn-az| = g) < B [ ot pnxn o] > )
N(n(7+9)) . 7
P(|AZ"|: 1yicn P(D}ys— DY > ————=—). (631
<| 716 kNZ(nT){Ck>a} > 3KRP> T < T+0 Tz 3KRPCQ) (6.31)
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For the first probability term of (6.31), similarly to the proof of Lemma we apply Lenglart’s
inequality |25, Lem. 1.3.30b] in order to obtain
Py o Syt KR

T+5)/\pn 2
n yn n,a i
P(| / (s, D X2)- | > 2 -
~
AR((M" s = M > )
for all v > 0. Choose v > 0 such that 9v/n* < ¢/4. Hence, we can further bound (6.31]) by

(74+8)Apn n
‘/ o(s, D", X™)_ dZ" >§>
- N(n(r+96)) "
< S+ P(IM s = (MM > —) + P(127s Y Ligisa) > 5707)
k=N (nT)
v P<D¢+5—D¢ > L)
3K RPC,
- N(n(r+4)) ~ 72
€ Y 8y _r
<5 +F( k_%(: P Ligpisa > (aKRp)2> + P(n D5 > 12aéaK2R2p>
~ N(n(r+49)) .
—Bn n|*
+ P(n " Djpys > 7602[(2}%27)) + P12 k%(: | Licr|>a) > —3KRP)
+ ]P’(D — D" > L) (6.32)
3K RrC,

where we have made use of the specific form of M™® given after ([3.9]). Since the Z™ are J1 tight,
we can choose C: > 0 such that P(|Z"|7. s > C:) < e/4. We will examine each term of (6.32)
individually. Clearly, since D, 5 are tight, we directly deduce

2
: - g - g
lim su [P(n Apn. s > N—) +P(n fpr.s > ~7>} =0
A T8 7 19aC, K2R T+ 7 GC2K2 R
As limg ) limsup,, . P(D? s—D} > n/3KRP C,) = 0 due to (6.30), it only remains to consider
the second and fifth terms of (632). For the latter, by independence of N(ne) and the ¢}’ (recall
the CTRW is uncoupled) as well as the identical distribution of the (}’,

N(n(r+9)) N(n(r+4))
P(|Zn|§“+6 > Lglisa > 3I?Rp> = Z + P( > Yigrl>ap > 3KRPC>
k=N (nT) k=N(nt)
. 1)) .
<7+ P<D¢+5—D¢ > A) + ]P’( ;;) Licp1>ay > m)
< 3P0 =01 > ) + B(WAZ) > )

for any A < 1, where Z" := - [ne] o Cp is tight in J1 as a zero-order moving average and NT(Z")
the maximal number of a—1ncrements of Z™ on [0,T] (see e.g. |62, (3.9)]). According to the
classical tightness criterion based on the J1 modulus of continuity (see e.g. |62, Def. A.7]), we
deduce that limy o limsup,, ., P(NQ(Z"ﬁ) > n/(BKRPC.)) = 0. Further, again due to (630,
limg o lim sup,,_,o P(D} s — D} > A) =0, and thus

N(n(r+9)) . -
lim li P(Z"* Tieney —) _——
e
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Finally, for the second term of (6.32]) we can proceed similarly to how we did for the previous

(fifth) term, noting that [Z"] = lg:g (¢)? is tight on the J1 space as a consequence of the
short comment after |62, Cor. 3.13|. O

Proof of Theorem [5.2. Suppose we have weak relative compactness of the pairs (X", c712")),>1
on (Dg[0,0),dy)?, as we will establish later in the proof. Then we know that, to every subse-
quence ((X™,c™1Z"));~1, there is a further subsubsequence ((X™¢,c™1Z"¢))s~; which con-
verges weakly in (Dg[0,00),dy)? to some a cadlag limit (Y, Z). Of course, Y may depend on
the choice of the subsubsequence, while the scaling limit Z is given in Section B.Il To simplify
the notation, we denote the subsequence by (X" ¢ 1Z"). Due to the continuity of b and o, we
can then deduce that

1. for all £ > 1 and t¢y,...,ty € A, where A is a co-countable subset of [0, 00), it holds

(crz™, o(ty, X2 _,), o(ta, X2 ), ooy o(te, X1_,)

t1—r to—r to—r

= (Za U(thY}l—r), U(t27}/¥2—7‘)7 veey U(t&}/tg—r))
on (Dg[0,00), du1) x (R, |- ]);
2. for any T > 0, the sequence (|o(e, X', )[5)n>1 is tight;

3. for any § > 0, the number of J-increments of the (c(e, X" ,))p>1 over any interval [0, 7
is tight (see |62, (3.9)] for a precise definition);

and analogously for the sequence b(e, X' ,). Now, for n > 1 such that (J + 2)/n < r, we have
that, for each £ > 1 the random variable X&/n)ﬂ, iso(by,....0k—7-2,J1, ..., Jy_7_2)-measurable

and therefore o(e, X' ) satisfies (7). Then, according to |62, Prop. 3.22] and Remark [4.16]
we obtain that

/ b(s, X . )— ds :>/ b(s,Ys—y)— ds and
0 0

c_l/ o(s, X™,)_ dZ" = / o(s,Ys_r)_ dZs,
0 0

as n — oo on (Dg[0,00),dp). Since t — fg b(s,Ys—r)_ ds is continuous, we obtain that
X" = Xp + / b(s, X" )_ ds + c_l/ o(s, X" )_dzr
0 0
= Y —i—/ b(s,Ys—p)— ds + / o(s,Ys—y)— dZ(s)
0 0

as n — oo in (Dg[0,00),dp). Uniqueness of weak limits implies that Y satisfies

t t
Vo= Yo+ [ bV ds+ [ ot aze)
0 0

so it realises a solution to (EI) If there is uniqueness in law for (EI), then Y is the unique solution.
Since any subsequence has a further subsequence converging to this same limit, we then obtain
the weak convergence X" = X on (Dg[0,00),dn).

At this point, it only remains to show that ((X™,c¢ 12")),>1 is relatively compact in the
weak topology on (Dg[0,0),dpy)?, which—due to Prokhorov’s Theorem—equates to proving
the tightness of these pairs on the given space. However, as the tightness of the ¢~'Z" has
already been established as a consequence of (3.0, it is enough to treat the tightness of the X™

31



separately (see e.g. the discussion after |62, Rem. 3.10]). Clearly, for this it suffices to show the
M1 tightness of the processes

n

1 ] J
= —5 (U(E’ ngr> Zci Gj_i>
o« g " T =0

J=1

_ 1 [* _ J
=it [otxtoaz = S o(lxy ) az,

as the the tightness of the drift term follows directly on behalf of (5.3). We will now show that
for fixed T' > 0 and for any n > 0 it holds

lim limsup P (w"(E™,A) > n) = 0
ANO n—ooo
where w” is the M1 modulus of continuity defined as in |62, Def. A.7]. However, according to

[2, Corollary 1], for this it is enough to prove that for any fixed 0 < t; <t < ty, 7 > 0 and n
large enough it holds

P (v(E" t,t,t2) > 1) < Oy, B)n 7 (ta —t1) 7 (6.33)

for some constants y > 0, 8 > 0 and C(v,8) > 0, and v(Z",t1,t,12) = |2} — [EL,EL]|| =
inf{|2} — o=} — (1 - )EL|: a € [0,1]} as well as

lim lim sup IP’( sup |E} — 27| > 77) = 0. (6.34)
ANO  n—oo 0<st< A

Similar to the proof of Proposition .10l and Theorem .11l we can now establish that for any
m, k > 0 and large enough n > 1 there is a bound of the type

IP’( sup
1<i<k

with C,+ > 0 constants which do not depend on n or k. From this, we can easily deduce
(634). In addition, it will also be the key ingredient for establishing (6.33). To this end, fix
0<ti <t<ty<Taswell asn >0 and n > 1 large enough. Without loss of generality
assume that ¢; € [¢/n,({ +1)/n), t € [r/n,(r + 1)/n) and t2 € [p/n,(p + 1)/n) for some
C,r,p > 1 with £ < r < p. If Zf lies in the interval with endpoints =f, and =}, then we have
|12} — [EF, EL]|l = 0. Therefore,

k
= = > n) < Cn’— (6.35)
n

+1

n

n
m
n

P (v(E" t1,t,te) >n) = P(EL —E>n,ZL >E51) + P(Ep -2 >n, Ef <E})
+ P(EL -2 >n, B} <Ef) +P(Ef -2 >n, 2 >E7)

< 2P (|8 — &I >n) + 2P (|2, - 57| > n)
< 21@('5’% —= >n> + 2]?( ) >77)
< 2[?’( sup =%, — =0 >77> + 2[?’( sup e >77)
1<i<r—¢ n n 1<i<p—r n "
—/ - —(f+1
< 20777 (7’ )+(p T) < 40777% < 4Cn7(t2—t1)
n n

where we have used (6.35]). Finally, the tightness of the running supremum of =" on compacts
follows immediately from (6.35]), so we obtain the tightness of the sequence =". O
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We shall point out that the weak relative compactness of the X™ was only needed to deduce
the conditions 1-3 in the above proof. Therefore, for different sequences of drivers or different
classes of differential equations it may indeed be more tractable to directly attempt to show
these conditions. In particular, it is worth noting that, if these conditions are satisfied, then
the limiting integrand (with respect to convergence of finite-dimensional distributions) admits
a cadlag modification and therefore, without loss of generality, we can assume it to be cadlag.
We comment on this in the following remark.

Remark 6.3 (Cadlag limits). Let (X™),>1 be a sequence of stochastic processes taking values
in Dpa[0,7] and let A C [0,7] (which includes T') be a dense subset of [0,7]. Suppose that
all finite-dimensional distributions along A of the X™ converge to those of some limit Y. Then,
in all generality, Y obviously does not possess a cadlag modification. However, if we assume
that for every § > 0 the maximal number of d-increments (NJ(X™)),>; is tight (where N7
is defined in |62, (3.9)]), this becomes true. To see this, it suffices to consider a deterministic
counterexample: let

n—1 00
o k . k
=1y 1y + ) (1) 1y gy and 2= > (1) L PRI
k=1 k=1

and note that z,, converges pointwise on [0,2] \ {1} to z, yet = cannot be made cadlag at 1
without loosing pointwise convergence on a dense subset of [0,2]. Clearly, in this example we see
that it is the exploding number of large oscillations of the sequence (xy)n>1 which causes this
problem. If we assume that for every ¢ > 0, the maximal number of d-increments (N7 (X™)),>1
is tight, then this is no longer an issue. Let @@ C A be countable and dense in [0, 7]. Obviously,
the inclusion

o0
{Ht € [0,T) such that lim Y, or lim Y; do not exist} C U {N?(Y) = oo} (6.36)
gt gt ~ %
q€eQ q€Q k=1

holds true, where N(;Q(Y) is the maximal number of d-increments of Y on @ C [0,T]. If we can
show that each of the sets on the right of (6.36]) has probability zero, we can define

Y, = {Yt teQ (6.37)

Y: ¢ .
limg ¢ qeq Yy, t€[0, 77\ Q.

Y has left and right limits and Y is cadlag (where the latter follows from the fact that Y is
right-continuous in probability restricted to ), which can be proven similarly to the subsequent

part). In order to do so, fix 6 > 0 and let {g,, : m > 1} be an enumeration of the set ). Note
that {]\_f(;Q(Y) = 00} is a subset of

n u U {\Y%HI—Y%J_\>5,Vj:1,...,K—1}

K>1 m=K+1 qi; <qiy <...< iy
{Zlvle}g{lvvm}

where the last union on the right-hand side can be written as {(Yg,, ..., Yy,,) € Am i} for open
subsets A, x C R"™. Thus, by continuity and monotonicity of the probability measure, it suffices
for our purposes to find, for every ¢ > 0, a K. > 1 such that

P((Yy, - Ygn) € Ami.) < &, forall m>K..

This follows by Portmanteau’s Theorem, due to the convergence of the finite-dimensional distri-
butions and the tightness condition imposed on (Nf(X™)),>;. Finally, we note that enlarging
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the set to @ by any countable subset of A does not change the process t — limg ¢ 4eq Yy (up
to a set of probability zero). Therefore, once we establish that {t : P(Y; # Y;) > 0} is countable,
(637)) yields a cadlag modification of Y. Indeed, this holds true as for each m > 1, the set
{t : P(|Y; = Y;| > 1/m) > 1/m} must be finite, otherwise there existed a sequence tj, k > 1
with this property and enlarging ) by this sequence would produce a contradiction to Y being
almost surely right-continuous at all points of this enlarged Q.

Proof of Corollary[52.3. Define the processes

t
A= et [ et X ) azz,
0 b

where t + & (t, X[;_y4) is Lipschitz continuous on compacts (a.s.). Rewriting cA} as

[nt] [nt] [nt]
S (z-zn) =% (mzr vz ) + Y (-1t 2

k=1 " k=1 " "

[nt]
= Iy 2Ty +Z< %—FZ> k-1
" k=1 " "

n n

with '} := 5(t,X[7t‘_r7ﬂ), it is straightforward to obtain the tightness of (|A"|%)n>1, ([T™]5)n>1
and (NI (A™))n>1, (N (I™)),>1 for any T,6 > 0 (where N is again defined as in [62, (3.9)]) by
using the tightness of the Z™ as well as the boundedness condition and the Lipschitz continuity of
the I'". Proceeding as in the second part of the proof of Theorem [5.2] we obtain the tightness of
the =" on (Dg[0,00), dy1) and thus, in particular, the tightness of (|Z"[%),>1 and (N7 (2"))n>1
for any T',6 > 0. Hence, we deduce the tightness of (|X™|%),>1 and, since NJ (z+y) < N(;‘F/Q (z)+
N(ST/Q(y), also the tightness of (N (X™)),>1. On behalf of a diagonal sequence argument, we

can identify cadlag processes Y, Y and a subsequence (c iz, X™, I'™)p>1 such that

(c'Zm XX TR, LT = (Z2,Y, 0 Y, Yy, o V)

tza t19°

on (Dg[0,00),dy) x (R*,|-]) for all £ > 1 and ti,...,t; in some countable dense subset of
[0,00), where the cadlag property of Y, Y is due to Remark Since the I'™ are Lipschitz
continuous with a constant independent of n, they are equicontinuous and converge weakly in
(Cg[0,00), | - |%,) on the basis of the Arzéla-Ascoli Theorem, which even implies that ¥ can be
chosen almost surely continuous. Thus, X™ and I'" satisfy the conditions of |62, Prop. 3.22]
and so does o(e, X2 ). As shown in the proof of Theorem 5.2 (o(e, X2 ,.),c 1 Z™) meet the
conditions of with respect to Theorem while (I, c~1Z™) satisfy the assumptions of
with respect to Theorem [£14] (where the required (AVCI) conditions are immediate from
the continuity of ¥ and Proposition ). Thus, we deduce

X" = / b(s, X7 ) ds + cl/ o(s, X! ,)+TI% dzZy
0 0

= / b(s,Ys—) ds +/ o(s,Ys_p) + Y, dZ, (6.38)
0 0

and hence X" = Y on (Dg[0,00),dm1). The map z + G (e, Z[e_rq]) from (Dg[0,00),dnm1) into
(CrJ0,00), |- |%,) is continuous and thus the continuous mapping theorem yields (e, X for .]) =
5(®,Ye—re]) 0N (Cgal0,00),] - [%,). Since weak limits are unique, we obtain Y = o(e, Yiera]):

Therefore, ([6.38) becomes
Xn :>/ b(s,Ys—) ds + / 0(8,Ys—r) +0(8,Y[s_p ) dZs.
0 0

where the right-hand side is a solution of (EI) Again by uniqueness of weak limits, Y thus
realises a solution of (E]) If (EI) is unique in law, then Y is the unique solution. O

34



A. Appendix: Proofs of auxiliary results from Section [3.2]

In this appendix, we give the proofs of Propositions 3.4 and which went into the proof of
Theorem 3.3 on the good decompositions (GD)) of uncorrelated CTRWs.

Proof of Proposition[3.4. Let n > 1 and 0 < s <t. To show integrability of X/, we shall apply
Wald’s identity |13, Thm. 4.1.5] (where the required discrete filtration will be {o((¢7, Ji) : 1 <
k < m)}m>1, N(nt) the stopping time, and the summands are the (i 1cni<qy). First, we
establish the integrability of N(nt). Note that

m o
OEN(TLt) ENb(nt) := max {mZO : Zbl{Jk>b} < ’I’Lt} = Z 1{2?1 1, >b}<%t}
k=1 m=1 = VRIS

for any b > 0. Choose b > nt and note that then

E[Ny(nt)] < 3 P<Z 1sony < 1> =y P(ﬂ {Jx < b}) S OB < b
k=1 m=1

m=1 k=1 m=1

since P(J; < b) < 1 as otherwise E[J] # co. Hence, 0 < E[N (nt)] < E[N;(nt)] < co. Therefore,
we can apply Wald’s theorem to obtain

N(nt)

E[|M;'] < E[ Z (¢4 1{|¢g|§a}] + E[N(nt)] E[¢T' 1{¢cr|<ay] < 20E[N(nt)] < 00
=1

Clearly, M™ is adapted to the filtration (F}")¢>o and E[M]* — M | FI'] equals

N(nt)
B S @ligien | 7] - BN - M) BT Lgpien
k=N(ns)+1
N(nt)
5] Y G ligien) - BVOD - Nws) B Lgpica)
k=N(ns)+1

N (nt) n _ N(nt)—N(ns) ,pn
85 D ko N(ns)+1 Sk HIGEI<a} = 2k=1 SN stk LIC ey ISt and N (nt) — N(ns) are both

independent of F!' by definition of the filtration and the pairwise independence of the pairs
(¢, Ji)- Applying again Wald’s identity yields the claim. The bound on the jumps of the M™
follows from |AN(nt)| <1 and the boundedness of the (i’ 1{jcr|<q}- O

Towards the proof of Proposition B0, we first need some preliminary results.

Theorem A.1 (A partial version of |25, Thm. VIL.2.9]). Let (un)n>0 be infinitely divisible
probability measures on R with characteristics (by, cn,vy) — i.e. the characteristic function of

is of the form ¢, (u) = exp(¢y,, c, ., (w)) with
Vo en (W) = by, — =cpu® + / e — 1 — quh(z) vy (de) (A1)
2 R\{0}
where b, € R, ¢, > 0 and v, a measure on R such that v,({0}) = 0 and [2* A 1v,(dz) < .

If pn = o, then by, — by, ¢, — co and (g, vy) — (g,v0) for all continuous, bounded functions g
satisfying f(x) = o(2z?) for x — 0.
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Proof. The proof is conducted as in |25, Thm. VII.2.9|, but we give it for completeness, noting
that less work is required for our version. We definine a convenient transformation of ¥4, ¢, 1,
in such a way that the summands in b,, and h(z) vanish. More precisely, let

. 1!
n (u) = ,l/}bnycnyl’n (U) - 5 / wbnycnyl’n (u + S) dS
—1

A short calculation with a simple application of Fubini’s theorem gives us

on(u) = lcn + / e (1 — 27 sin(z)) vy (dz)
6 R\{0}

and therefore @, is the characteristic function of the non-negative finitd] measure fn(dz) =
(cn/6) 6g0y(dx) + (1 — sin(z)/z) vp(dw) with total mass fin(R) = 5, (0). Since p, = po, it
holds @, (u) — @o(u) for all u € R due to its definition and the uniform convergence of the
Vb cnvn O compacts. This, in turn, implies fi, = fip as without loss of generality we may
assume ji,(R) # 0 and then the (%, (0)'ji,(dz) are probability measures with characteristic
function %, (0)~1p,. Finally, for each continuous, bounded g(x) = o(x?) for x — 0, we have
that = — g(x)/(1 — 27 'sin(z)) 11,20y =t h(z) is continuous and bounded, and hence

/g(a:) vp(dx) = /h(m) fn(dz) —— h(z) fp(dz) = /g(a:) vo(dx)

n—oo

which yields the last part of the claim. Then, since the real and imaginary part of f(x) :=
e — 1 — juh(z) are both 0(x?) as z — 0, we get {f,v,) — (f, o) and so, from (A1),

) 1 . 1
iub, — —can — quby — —cou2
2 n—o00 2

for all u € R, thus b, — by and ¢, — ¢o. O

The next lemma formalises the fact that the random variables Z" := (J" — E[h((]")] asymp-
totically possess very beneficial properties.

Lemma A.2. Let Z" = (' —E[h((})] and denote pzn(u) = E[e?"] the characteristic function
of Z™. Then, it holds that

(a) sup,>, nPP(|Z2"| > ¢) < oo for all ¢ > 0;

(b) nPE[h(Z™)] — 0 as n — oo.

¢) for all v >0, sup nBlogn(u) — 1| = 0 as n — oo and
|ul <~y

Proof. Recall that P(|CP| > 2) = P(|61] > 2n®/*) = O(n=Pz=?) for  — +oo. Now, for
every 0 < € < a, we have E[h(|(]'])] < € + aP(|(]| > €) — € as n — oo and since € > 0 was
chosen arbitrary, we obtain E[h(|(]'])] — 0 as n — oco. Therefore, we deduce the first claim since
nPP(|Z" > ¢) < nPP(|C}] > ¢/2) + nPP(E[A(CP)] > ¢/2) for all @ > 0 and the second summand
equals zero for large enough n. Hence, we even obtain limsup,, . n’P(|Z"] > ¢) < (2/¢)*.

For (b), let £ > 0 and note that h satisfies |h(xz) — h(y)| < |z — y| for all z,y € R. Choose n
large enough such that E[A(|(7])] < (a/2)Ae. We have E[h(Z")] = E[h(Z") —h(Z™"+E[R((T)]) +
E[h(¢T)]] and the quantity inside the outer expectation is equal to zero if |Z"| < a/2. Therefore,
by the Lipschitz continuity of h,

[WER(Z™)]| < n°El(e +E[R(CT)]) 1jzn5any] < 2en”B(127] > a/2)

!The finiteness comes from the fact that 1 — sin(z)/z = O(z?) as  — 0 and the property of the v, that
[ 2* Alvp(dz) < co.
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and the result follows from (a) above and the fact that ¢ > 0 was chosen arbitrary.

Finally, we are going to prove (c). Let v > 0. Set C, := max{y/2v,2} and note that
le®® — 1] < Cy(Jz| A1) for all z € R and |u| < v (which we obtain by Euler’s identity and a
simple application of the mean value theorem). Therefore,

SUPjuj<y |0z0(u) = 1| < supj, o, E[[e™?" —1]] < CE[|Z"[A1] < CLE[Z" Ad]

Let x be such that P(y =1) =P(x = —1) = 1/2 and x 1L (. Then, by multiplying Z™ with x
we symmetrise Z" without affecting the inequality, i.e.

SUP|y| <y [pzn (u) — 1] < CLE[[xZ"[ A d]
<0y (E[h(XZn) 1{in20}] —E[h(x2") 1{xzn<0}])

Note E[A(xZ") 1y zns0y] = E[{h(xZ") —h(xZ" - XER(CP)]) + XE[R(G]} L zns0y] since a sim-
ple calculation gives {xZ" > 0} 1L o((7") and thus E[A(x(T') 1y zn>01] = EIXE[R(CT)] 1y zn>01]-
Now, proceeding similarly to (b), we find

E[R(Z") Liyzmsop)l < 2eB(IXZ"| > af2) = 2eB(|Z"] > a/2)

for n large enough such that |E[h(¢T)])| < (a/2) A e. Analogously, we obtain the same bound
for [E[~h(xZ") 1{yzn>0y]|- Hence, this gives us

SUD|y| < nPlozn(u) —1] < 4eCA,nﬁIP)(|Z"| > a/2).
Due to (a) and since € > 0 was chosen arbitrarily this yields (c). O

Let Y™ := ZZil (¢ and recall L(Y™) — u, where 1 is the law of an a-stable Lévy process
at time ¢ = 1. Dnote the characteristics of p by (b, c,v). We can now prove Proposition

Proof of Proposition[3.0. The proof follows very closely that of |25, Lem. VII.2.43], but has
been simplified and adapted to our particular setting. Let u € R. Note that we can rewrite the
characteristic function pxp by

pyn(u) = Elexp(iuY™)] = Elexp(iu¢{)]”” = Elexp(iu 2™)]"" exp{iun’E[h((])]}

The idea is now to hope that the first factor tends to 1 and since we know that ¢y — ¢,
pointwise we can conclude that the second factor then has to converge to ¢,. Finally, an
application of Theorem [A 1] with respect to the characteristics in the second factor should then
yield the claim. However, at this point we do not have any knowledge on whether go%i converges
to 1 as n — oo. Yet, according to Lemma [A.2] we do know about the asymptotic behaviour of
nB|pzn — 1|. Thus, we continue by adding a convenient factor,

pyn(u) = Ap(u) exp {zunﬁE[h(C{‘)] + nﬁ/eiuzn —1—iuh(Z"™) d]P’}
where A,, is defined as
An(u) = Elexp(iu Z")]"B exp {—nﬁE [ewzn —1—iu h(Z")} }
_ : n nf —nPElexp(iu Z™)—1] . B n
= (Elexp(iuz™) —1]+1)" e exp {—zun E [h(Z )]}
= (A + 1)"6 e " exp {—iu n’E [h(Z™)] }

and), := E[exp(iu Z") —1]. By Lemma[A2(b), exp{—iunPE[h(Z")]} — 1 as n — co. Hence, it
only remains to show (A, +1)"" e *» — 1: by Lemmal&2(c), n®|A,| — 0 as n — co. Without
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loss of generality, let n > 1 large enough such that |A,| < 1/2. Note that the principal branch
log of the complex logarithm has Taylor expansion log(1l + z) = "2, (_1,);“3:]“ for all |z| <1

and it is elementary to show that this gives ground to the inequality |log(1 + ) — x| < 2|z|? for
all |x] <1/2. Thus,

[n7(log(1+ An) = An)| < 207 Anf? —— 0
Finally, observe that therefore
(A + 1)"B e A = exp{n” log(1 + \,) —nA,} — 1

Thus, we obtain that A,(u) — 1 and eventually as @y~ (u) = ¢, (u), this gives us

exp{t,s E[h(¢P)],0,n8 Po(zn)-1 (W)} = exp{iu nPE[L(C)] + nﬁ/emzn— 1—duh(Z™) d]P’}

— Spﬂ(u) = exp{¢b,c,u(u)}

n—o0

which, by Theorem [AJ] implies in particular n°E[h(¢})] — b. O
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