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Abstract: From the initial development of probability theory to the present days, the convergence
of various discrete processes to simpler continuous distributions remains at the heart of stochastic
analysis. Many efforts have been devoted to functional central limit theorems (also referred to
as the invariance principle), dealing with the convergence of random walks to Brownian motion.
Though quite a lot of work has been conducted on the rates of convergence of the weighted sums of
independent and identically distributed random variables to stable laws, the present paper is the
first to supply the rates of convergence in the functional limit theorem for stable subordinators. On
the other hand, there is a lot of activity on the convergence of CTRWs (continuous time random
walks) to processes with memory (subordinated Markov process) described by fractional PDEs. Our
second main result is the first one yielding rates of convergence in such a setting. Since CTRW
approximations may be used for numeric solutions of fractional equations, we obtain, as a direct
consequence of our results, the estimates for error terms in such numeric schemes.

Keywords: rates of convergence; functional limit theorem with stable processes; fractional equations;
smooth Wasserstein distances; Kolmogorov’s distance; continuous time random walks (CTRW);
subordinated Markov processes

1. Introduction

From the initial development of probability theory to the present days, the convergence
of various discrete processes to simpler continuous distributions remain at the heart of
stochastic analysis. Many efforts have been devoted to functional central limit theorems
(also referred to as the invariance principle), dealing with the convergence of random walks
to Brownian motion. For the first results on the rates of convergence in the functional
CLT, we can refer to [1,2], with explicit numeric constants provided in [3]. For recent
development in the convergence rates for functional CLT and its generalizations, see, for
example, refs. [4,5] and references therein.

There are many papers devoted to the rates of convergence of random sequences to
stable laws; see, for example, refs. [6-9], and the references therein. However, though there
is a serious interest in the function limit theorems with convergence to stable process, see,
for example, refs. [10,11] and references therein, there seems to be yet no results on the
rates of convergence in this setting. To the best knowledge of the author, the present paper
is the first one supplying the rates of convergence in the functional limit theorem for stable
subordinators. Moreover, we give explicit numeric constants, which seems to be new, even
for the convergence to stable laws. As a technical novelty, we introduce and use effectively
the smooth Wasserstein—Kantorovich metrics for measures based on the functional spaces
of Holder continuous functions. This approach makes our estimates rather flexible for
adjusting to various stability indexes and various levels of regularity.
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Let us notice that the results on the rates of weak convergence of processes are often
formulated in terms of certain topologies on path spaces (such as Skorokhod topologies
J1 and M) and related metrics. Our convergence rates are formulated in simpler terms
of the uniform convergence of marginal (in time) distributions. Alternative measures of
convergence could be also various pseudo-distances v, between distribution functions, say
F, G, defined, for instance, by the inequalities of type |F(s) — G(s)| < Als|"v, (that have to
hold for small s); see [12] and the numerous references therein.

Another popular topic deals with the convergence of CTRWs (continuous random
walks) to processes with memory described by fractional PDEs. The CTRWSs were in-
troduced in [13]. They found numerous applications in physics. The scaling limits of
these CTRWs were analyzed by many authors; see for example, [14-16]. The crucial point
(realized initially by physicists, see [17] or [13]) is the fact that the limits of scaled CTRW
yield Markov processes, time changed by inverse stable subordinators that solve fractional
in time PDEs. The scaling limit for the position dependent CTRW was developed in [18].
Refs. [12,19] present convergence rates for a particular case of convergence to fractional
distributions, including double-array schemes, but there seem to be no results available for
the rates of convergence for a functional limit to fractional evolutions. Our final result is the
first one providing the rates in this setting, and it deals with a rather general model of gen-
eralized (position depending) CTRWs. The methods used for proofs are based essentially
on the theory of operator semigroups in the spirit of ideas, proposed initially in [18,20] and
developed further in [21].

Since CTRW approximations may be used for numeric solutions of fractional equations
(see [22]), we get, as a direct consequence of our results, the estimates for error terms in
such numeric schemes. Numeric solutions to fractional PDEs is currently a rather hot
topic. We refer to papers [23,24] for the probabilistic (Monte Carlo type) approach to
numeric solutions of fractional equations and to [25] and references therein for (much more
abundant) work on deterministic approaches.

The paper is organized as follows. In the next section, we formulate carefully our main
results, discuss some links with related popular research topics and present the most basic
examples. Section 3 is devoted to a review of some auxiliary facts playing a crucial role
in our arguments. Though they are mostly known, we present them for handy references,
stressing also some particular points and consequences related to our purposes. The rest
of the paper is devoted to the proof of the main results, together with some intermediate
steps that may be of independent interest.

We conclude the introduction with certain basic notations that will be used in the
paper without further reminder.

Letters P and E will be used to denote probability and expectation. The indicator
function of a set M will be denoted by 1(M).

As usual, let C(R?) denote the space of bounded continuous functions on R? equipped
with the standard sup-norm ||.||. For k € N, let C* = C*¥(R%) denote the space of k times
continuously differentiable functions on R? with bounded derivatives equipped with the
standard norm

k m
IFllcx = max{l 1, max £},

where || f)|| denotes the maximum of sup-norms of all partial derivatives of f of order
k. Let Co(R?) denote the closed subspace of C(R) consisting of functions vanishing at
infinity, CX,(R) the closed subspace of CK(R?) consisting of functions such that all its
derivatives, up to order k, belong to Ceo(R?).

For & € (0,1], let H, = Hy(R“) denote the space of bounded a-Holder continuous
functions equipped with the norm

1fle = max{llfl, sup LD =SWIy

Oclr—yi<1 ¥ —yl*

)
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and for k € N, let Hy, = Hy,(R?) denote the subspace of C*(R?) of functions with
a-Holder continuous derivatives of order k equipped with the norm

ko = max{ || fllce, [If® 1o, @

where || f(¥)]|, is the maximum of the H,- norms of all partial derivatives of f of order k.

2. Formulation of the Main Results

In this section, we formulate our main results. In the first subsection, we shall deal
with the convergence of random walks to stable subordinators in three senses: in smooth
Wasserstein distances (based on the functional spaces of Holder continuous functions), in
Kolmogorov’s distance and in various versions of convergence that are uniform in time.
In the second subsection, we formulate our result on the rates of convergence for CTRW
approximations. Finally, we supply some basic examples and recall the main link with the
fractional PDEs.

2.1. Convergence of Random Walks to Stable Subordinators

Everywhere in this paper, we assume that 7;, i € N, is a sequence of positive inde-
pendent and identically distributed random variables having probability density p(y) on
R such that p(0) = 0, p(x) is continuously differentiable, and p(y) =y '=F fory > B
with some B € (0,1) and B > 0 such that 8B > 1. The latter condition comes from the
requirement that [ p(y)dy < 1. Let

[t/h]
(Dil = Z hl/‘BTi,
i=1

be the corresponding scaled random walk (where we set ®/ = 0 for t < ). We shall denote
by V}[t/ " the transition operators of the discrete Markov chain ®/'.

Remark 1. (i) The exact power law dependence of the density p(x) for large x is the standard sim-
plifying assumption for the analysis of the central limit theorem for stable laws, see, for example, [7].
However, for convergence to stable distributions, more weaker assumptions can also be found in the
literature; see, for example, [8]. We decided to stick here to the simplest assumption to show the
idea of our framework for the calculations of the rates of convergence in the most transparent way.
(ii) Requirements that p(0) = 0 and p(x) are continuously differentiable are not needed for the
validity of Theorems 1 and 2.

Let Té be the Feller semigroup of the B-stable Lévy subordinator ﬁf in R generated by

L/;f / fx+y1+ﬁ ()d]/.

For convenience, we chose L to differ from the case of the standard stable subordinators
(see (34)) by a multiplier. Therefore, if Zf is the standard B-subordinator, then

the operator

B _ vB
b Zir(1-p) /- ®3)

(t/h]

It is well known that the operators V, "™ converge to the Feller semigroup TE of the
stable subordinator; see, for example, [15] or [18]. The next three theorems specify the rates
of convergence in three different senses.

Theorem 1. (i) If
B<(1-B)/B, )
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then for any « € (B, min{1, (1 — B)/B}],

[s/h) _ s min(1,(1-)/) ( 2B da )
su v, - T <h t + 5
P”( ﬁ)f“ 1-8 " B(1-p)(a—p) ®)
For instance, if B < 1/2 and thus 1 — B > B, choosing a = 1 yields the estimate
[s/h] s 2B 4 )
Vot =T < ht + 6
S;é}:“( h /S)f” = (1_5 '82(1_ﬁ)2 ( )
and if B < (1 —B)/B < 1, then, choosing « = (1 — B)/ B yields the estimate
v/ s (1-B)/B ( 2B 4 )
su -T <h t + _ . 7
(i) If B > (1 —B)/PB, then
[s/h] s 1-8 < 2B 10 )
su V, T <h Pt + 8

These results can be more elegantly written using certain popular norms, which we
shall review now.

For a subspace B of C(R), which is itself a Banach space equipped with the norm ||.| 5,
one can introduce a metric on the set of real random variables by the equation

dp(X,Y) = sup{|Ef(X) —Ef(Y)| : [|fllp <1} ©)

For instance, if B = Ck, k € N, the corresponding metrics d« are often referred to
as the smooth Wasserstein metrics (see, for example, [8]). Intermediate metrics can be
defined by using the spaces of Holder functions H, as the subspace B. For the space H;,
the corresponding metric is referred to as the bounded Lipschitz metric.

For instance, with these notations, the inequality (5) can be equivalently written

R . 2B 4
iy (D8 $F <hmm(1'(1‘ﬁ)/ﬁ)t< ) 10
Sup i, (B, %) < 5" RO PP a0

Similarly, the other statements of Theorem 1 can be rewritten.
Notice that estimates (5) with flexible « may require less regularity than estimates (6)
and (7), which are more transparent but less powerful than (5).

Remark 2. The rates of convergence studied in the literature relate the convergence of weighted
sums of T; to stable distributions. For instance, in our notations, the results of [8] represent the
estimates for d - (<I>§‘,flf ) (where h = 1/n in [8]). Our estimates, apart from being functional
(giving uniform estimates for s < t), are based on more general spaces Hy, thus requiring less
reqularity. We also supply the exact values for the constants involved.

The convergence of a sequence of random variables in smooth Wasserstein metrics
implies its weak convergence. Now, we shall enhance the convergence with respect
to smooth Wasserstein metrics (as given by Theorem 1) to a stronger convergence in
Kolmogorov’s metric.

Theorem 2. () If p < (1—B)/Bany a € (B, min{1, (1 — B)/B}|, then

sup sup |P(®! <K)— P(ﬁsl3 < K)|
K>0 SE[to,t]
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1, -1/p ( 2B 4o >1/(“+2) min(1,(1-B)/B) 1\1/ (a+2)
Ly-16 4 N pmin(l, : , o ay
=2t I T R g ( )
forany 0 < to < tand
supsup |P(®! < K) — P(ﬁsﬁ < K)|
K>k s<t
7B 4a 1/(x42) _
<[k Yr(1-pB)/B)VF+3/2 ( + ) pmin(L(=F)/B) )1/ (a+2), (12)
foranyt >0,k > 0.
(i) If B > (1—B)/B, then
sup sup |P(® <K)— P(ﬁs’5 < K)|
K>0 S€[t0,t]
)
178 2B 10 PIEED 1 g er(+)

sup dio (@), 5F) <

to<s<t

forany 0 <ty < tand

supsup |P(®! < K) — P(Zé3 < K)|
K>k s<t

B/ (B+1)
< [kNr(1-B)/B)F +3/2] (12_B[3 + /32(118 [3)2) * (h1=P)P/ (B+1), (14)

forany t >0,k > 0.

It is seen that the difference between the distribution functions of the random variables
@/ and plg may not be easy to control for both s and K small. This effect can be expected,
as @/ is discrete in s and ﬁf has a density function that increases to infinity, as s — 0.
Recall that the Kolmogorov distance between random variables X and Y is defined by
the formula
Aol (X, Y) = sup [B(X < z) — P(Y < z)]. (15)
z

Thus, inequality (13) rewrites as

L ,-1/p < 2B 10 )Wﬁ“) BB/ (841
sup dyy (@, 5F) < = +3 + n-BpB/ B+ (16
t0<512t KOI( ) ( ) 1 _ ‘B ﬁZ(l _ ﬁ)z ( ) ( )

If B <1/2, then from (11) one derives the estimate

N

By < L1/ 2B 4 3 s
tos;sp;tdml(q) ,25) < 5 (¢t +3)<1—ﬁ+/52(1—/3)2) (ht)1/3, (17)

and if B2 < 1 — B < B, then from (11) one derives the estimate

N

/(B+1
(VP 4 3)( 26 4 >ﬁ E amprarmpr ) 18)
1-8 B(1-B-p%)

I\J\H

In Theorem 2, we estimated |P(®! < K) — P(if < K)| uniformly in K for bounded s.
Now we shall estimate |P(® < K) — P(ﬁf < K)| uniformly in s for bounded K, which is
crucial for the proof of our last theorem.

Below, we shall use the constant ¢y (depending only on ), which is given explicitly in
Proposition 6.
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Theorem 3. If B < 1/2, then
sup sup |[P(®! < K) — P(ﬁf < K)|
K<Kp s>1
2B 4 13
< 2K}/ (3+F) ( + ) +22/PK, (19)
1-p p(1-p) '
for any Ko and small enough h, namely whenever hf/ (B+3) < 1/t.
Ifp> <1— B < B, then
sup sup [P(®! < K) — P(£f < K)|
K<Kp s>1
2B 4 B/ (B+1)
< 2h(1-B)/ (+p+F7) ( + ) +2%/PK, (20)
B L=p pPO—p—p) '
for any Ko and small enough h, namely whenever hf(1—F)/ (L4+B+%) < 1/4,.
Ifp > (1—B)/p, then
sup sup |P(®! < K) — P(ﬁé3 < K)|
K<Kp s>1
7B 10 B/(B+1)
< 2pP=B)/ (1++57) 2/p
<2h 1—l3+52(1—5)2 +27PKy (21)
for any Ko and small enough h, namely whenever hB(1=B)/ (1+B+F) < 1 /4.
Moreover, one has similar estimates for
sup sup [P(®! < K) — P(£f < K)| (22)

k<K<K, s>0

with the same power dependence of h but with different constants (depending on k, Ky, B, B).
Finally,

/Ooo IP(®! < K)—P(EF < K)|ds < (1+K+K Hc(g)nP (23)

with some constants C(B) > 0 and (p) € (0,1) (that can be written explicitly). For instance,
ifB > (1— )/, then
_ B-p)?
() = 1+B+p%

2.2. Convergence of Position-Dependent CTRWs to Fractional Evolutions

In this subsection, we formulate our second main result concerning the rates of con-
vergence of generalized (position dependent) CTRWs to Markov processes with memory
described by fractional PDEs.

The inverse process to the scaled random walk ®/ is defined by the equation

NI = sup{t: ®} < K}.

In renewal theory, this process is also referred to as the number of renewals. It can be
defined by several other equivalent ways. They are insightful, and we provide them for
the convenience of the readers in our less standard (scaled) version. Namely, N’ ﬁ can be
equivalently defined by (i) the requirement that the events (N} > t) and (®} < K) coincide
(for all t, K), (ii) by the requirement that
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h h
o), , <K<,

or (iii) by the counting-number-of-events formula

(o] 00 n
N};/h—1+21(q>ﬁh<1<)—1+21<2h1/ﬁri<1<>.

n=1 n=1 i=1

In particular, the key relation is

P(N} > t) = P(®! < K).

Suppose X!, X!, - - - is a sequence of independent and identically distributed random
variables in R such that the distribution of each th is given by a probability measure
yé’pace (dx) that depends on h. The standard (scaled) continuous time random walk (CTRW)
is a random process given by the random sum

N

Yy xp.
j=1

In position-dependent CTRW, the jumps th are not independent, but each th depends
on the position of the process before this jump. The natural general formulation can be
given in terms of discrete Markov chains as follows.

Let O} (x) be a family (depending on a parameter i1 > 0) of discrete-time Markov
chains in R?, independent of the sequence {7;}. Let U}, be a transition operator of O} (x)
so that

Upf(x) = EO(x) = [ F()1lyace(. ), @)

with some family of stochastic kernels yézpuce(x, dy).

The discrete-time process

oM/ (), (25)

with the transition operators U}Il\] 4 /h, is a generalized scaled (position dependent) continu-
ous time random walk (CTRW) arising from transitions y’;pace(x, dy) and the sequence of
waiting times {7; }. Thus, it is a Markov chain, time changed by the inverse process to the
scaled random walk built on the sequence {7;}.

Let us denote by

oy = max{t : ﬁf <y}

the inverse process to the stable subordinator ﬁf .

As was already mentioned, it has been proved by many authors under various as-
sumptions that if (U}, — 1) /h converges to an operator L, which generates a Feller process
X¢(x) (here, as in (25), x stands for the initial point of the process) with a Feller semigroup

h
F;, then the processes of CTRW O;I:]f /h (x) converges in distribution to the time-changed
Markov process X;(x), that is, to the process X, (x). Our final result supplies the rates of
convergence for this scaling limit in terms of marginal distributions.

Theorem 4. Let the Feller semigroup F; = e'' of a Feller process X;(x) and the family of contrac-
tions Uy, satisfy the assumptions of Proposition 1 (given below) with s, + €, = h* with some
w > 0. Then, if m > 0, then

sup EF(OM " (x)) — Bf (X0 ()] = [EUN"f — EE, £

< 4(1+max(1,m/w))(1+t -+t In(1/h) 7Y flp, (26)
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forallt >0, f € D, and h < hy with sufficiently small hy (depending on B, B).
If m = 0, then the convergence rates on the right-hand side of (26) can be improved to the
power-type estimate

sup EF(OM " (x)) = Bf (X ()] < C(B)(1 + £+ - =B £, (27)

with some C(B) and »(B) € (0,1). For instance, if p > (1 — B)/p, then

w /3(1—[3)2}
B+1'1+B+pJ

() = min{

A numeric estimate for hy is easy to derive for given f, B, but a general formula is
lengthy and not very revealing; hence, it is omitted.

2.3. Link with Fractional Equations and Fractional Distributions; Examples

It is well known, see, for example, monographs [16,20,26], that the subordinated
limiting evolution described by the operators Ef (X, (x)) = EF,, f(x) solves fractional
in time-differential equations. Namely, under the conditions of Theorem 4, the function
fi(x) = E(F,,f)(x) satisfies the equation

DE,fi(x) = Lfi(x), fo(x) = f(x), (28)

where Dg +, is the Caputo-Dzherbashian derivative of order § acting on the variable ¢,
and the operator L acts on the variable x. Thus, Theorem 4 provides the rates of convergence
for the CTRW approximations of the solutions to fractional equations.

Recall that the Caputo-Dzherbashian derivative of order § € (0, 1) is given by the formula

Df,,f(s) = 1“(11—;8) /Ox(s — 1) Pfl(r)dr,

see, for example, [27].
The most basic examples are supplied by operators L that are diffusion operators

2 2
Laf(x) = ;tr(G(x)gx];(x)> = 2 Y6 aie{xj (x), xeRr, (29)

with G(x), a positive d x d-matrix, or the generators of stable-like processes
Lhf@) = [, 16 V) Pulxs)ds, xeR, (30)

with B € (0,2), u(x,s) and even in s positive functions on RY x S9! and ds Lebesgue
measures on the unit sphere $4-1 In particular, if j(x,s) = 1 (that is, the spectral measure

u(x,s) ds is uniform), then Lft = 0|A|P/? (with ¢ a constant depending on d) becomes a
standard fractional Laplacian. Standard CTRW approximations to these operators are well
presented in the literature, see [16,20,26].

In both cases, if the coefficients are sufficiently smooth, one can take the space
D = Co(R%) N C*(RY), for which the assumptions of Proposition 1 (and thus of Theorem 4)
hold with sg, = €, = h. In fact, the second required condition (42) usually holds trivially
for the standard constructions of CTRW approximation (as mentioned above), and the first
required condition (41) holds trivially with s¢, = h whenever D is a subspace such that
L? is a bounded operator D — Coo(R“). Estimates with sg, = h* with some w > 0 can be
obtained for larger space D = Hj , in the same way, as it is done for the stable subordinator
in Section 4 below.
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If the coefficients of these operators are constant (they specify a spatially homogeneous
process), then the assumptions of Proposition 1 hold with m = 0, thus allowing for better
power law rates of convergence (rather than our general logarithmic rates).

Let us present the simplest possible example. Namely, the operator L = A/2 in R? is
known to generate a standard Brownian motion B; with the standard heat equation semi-
group F;. Let us approximate it by the standard random walk with the transition operator

d X €; X —he;) — X
Uf(e) = 3 FleE e + 75 ) =2f(x)
i=1

where ¢; is the standard basis in RY. Choosing D = Co(R?) N C*(R?), we find ourselves
under the assumptions of Proposition 1 with s¢, = €, = h, m = 0 and [ = 1. Choosing
such that > (1 — B)/B and applying Theorem 4, we obtain the rates of convergence of the

h
corresponding CTRW O;Il\]* "™ to the subordinated Brownian motion (fractional diffusion):

sup EF(ON"(x)) — Ef (Boy (x))] = [[EUN"f — B, £

< C(B)(1 + t+ tHyRPA—B/ A+B+E) | )|, (31)

for sufficiently small /. This can be also rewritten in terms of the smooth Wasserstein
distances (9):
I
des (04", Boy) < C(B)(1+ £+ BB/ WHBHE | £ . (32)
The same estimate holds if instead of the Brownian motion, one takes the stable process

Y# in R? generated by the fractional Laplacian |A|*/2, & € (1,2), and the corresponding
standard CTRW approximation. The distribution of the subordinated process Yg‘t, where

07 is the inverse to the stable subordinator Zf , was called fractional stable in [14] because,
as it was found, it could be obtained as the distribution of the ratio of two independent
stable random variables (the denominator taken in power B/«). For completeness, let us
write down the marginal probability density g;(y) of the process Y7, (started at yo = 0):

1) = [ 5a(1/0P) (2005500, 2) (33)

where S, and Sg are the densities of the symmetric a-stable distribution in R? and of the
B-stable subordinator (with the unit scaling coefficient). Density (33) was obtained in [14],
as the limit of CTRWs, for the case of t = d = 1. A noteworthy observation is that density

function (33) is the same as for the distribution of the ratio Y (Zl’8 /1) "R/,

Since the limiting distribution of Yz, has a smooth density, the convergence in the
smooth Wasserstein metric (32) can be further enhanced to a stronger convergence in
Kolmogorov’s or Prokhorov’s metric. Notice also that, for fixed t, we find ourselves in
another extremely popular field of research concerning the rates of convergence of the
random sums of independent and identically distributed random variables, see [28] and
numerous references therein.

Let us stress finally again that, as it follows from the discussion above, CTRW ap-
proximations can be used for numeric solutions of fractional equations. This numeric
approximation was seemingly first proposed in [22]. Our results supply the rates of conver-
gence to these numeric schemes.

3. Auxiliary Results

In this section, we collect some mostly known results, stressing some particular points
and consequences, which are crucial for our purposes.
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3.1. Estimates of One-Sided Stable Laws Near the Origin

Stable subordinators Zf are increasing Lévy processes generated by the inverted
fractional derivative operator

PP ©fty) - f)

Td(—x)P 1 - ME (54)

The characteristic functions ¢:(q) of the transition probability densities Sg(t, x) of
these processes are known to equal

¢i(q) = exp{—t|q|Pe~TPEnI2} dg,

so that the densities themselves have the integral representation

Sp(t,3) = 5 [ exp{iqx — tlglPe 812 dg (35)

Notice that the function Gg(t,x) = Sg(t, —x) is the Green function for the Cauchy
problem to the operator (34) so that it solves the Cauchy problem

3G df

W(t,x) = —WGﬁ(t,x), G(0,x) = é(x).

It is clear that Sg(t, x) are infinitely smooth in x and satisfy the scaling relation
Sp(t,x) =t 1/Ps(1,t7VFx).

Therefore, a study of the density Sy can be effectively reduced to the study of Sg(1, x).

From (34), it follows that stable subordinators move only in one direction, implying
that Sg(t, x) = 0 for x < 0.

From (35), it follows that

1 [
B
Sﬁ(l,x) < /0 exp{—tq"” cos(tB/2)} dq

for any x and therefore

1
max Sg(1, %) < 7?ﬁr(l/ﬁ)[cos(nﬁ/z)]*l//g. (36)
In this paper, we are working with the re-scaled subordinator F, given by (3) and
having the transition density $(t,x) = S(tT'(1 — B) /B, x). It follows that

mfxé(t, x) = max S(tT(1 — )/ B, x) = (IT(1 ~ B)/B) /P max 5(1, x)

<8 - )/ PR g,

where in the last inequality, we took into account the simple estimate cos(7tf/2) > 1 — B,
valid of all B € (0,1). Thus, using also that I'(2 — ) = I'(1 — B)(1 — B), we conclude that

maxS(t,x) < VM, M= sup (T2~ p)/p)/#ELLP))
' peO) mp

Performing elementary manipulations (which we omit) with the Stirling formula (with
explicit estimates, see, for example, [29]) allows one to prove a uniform bound for the
multiplier M:
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Lemma 1. i,
M = sup [T(Z—ﬁ)/‘g]*l/ﬁw <1/2. (37)
Be(0,1) B
Consequently,
K
P(iltg <K)= /0 Sp(t, x)dx = %Kt—l/ﬁ_ (38)

We shall need also the estimates for Sg(1, x) for large x. These estimates can be derived
from the standard expansion (see, for example, [30,31])

_ r(1+kp) Bk
55013) = - 4. 5 OB ey - 2,
which is convergent for all x > 0. Making a very rough estimate of the terms, we obtain

ﬁ K _ xF

kxy Pk=EFE_~
Sl 2 xl—x B
Thus, for x > 2,

15 B
Sp(1,x) <«x T

Since 1 — e P"2 > BIn2(1 — BIn2/2) > BIn2(1 —In2/2), it follows that
Sp(1,x) <3x'"F, x>2 (39)

3.2. Convergence of Markov Chains to Continuous-Time Processes

It is well known that the convergence of the generators of contraction semigroups on
the core of the limiting generator implies the convergence of semigroups. We shall need a
version of this fact with explicit rates, namely the following result, given in Theorem 8.1.1
of [20].

Proposition 1. Let F; = ¢!l be a Feller semigroup in the Banach space B = Coo(R?), generated by
an operator L, having a core D, which is itself a Banach space with a norm ||.||p > ||.||s such that
IILfllg < || f||p for a constant | and all f € D. Let F; be also a bounded semigroup in D such that

max || F|[p—p < ™
s€(0,t]

with a constant m > 0 (the growth rate of the semigroup).
Let Uy, be a family of contractions in B, and let

IG
(%

with e, — 0 and s, — 0, as h — 0. Then the scaled discrete semigroups (Uy,)!t/" converge to the
semigroup Fy and moreover

)an < el fllos a0)

)an < sallfllp, (1)

/h !
Sgﬂ@wb]—ﬂﬂbﬁb%+%mﬂbéem%- (42)

As a key illustration to when (40) holds, we shall look at the convergence of random
walks to stable subordinators, as described by the following result.
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Lemma 2. Let p(y) be a probability density on R such that p(y) =y~ =P for y > B with some
B € (0,1) and B > 0 such that BBP > 1 (the latter condition comes from the requirement that
[5 p(y)dy < 1). Then, we have the following:

(i) For any bounded measurable f having support on [Bhl/ﬁ, ),

h*l /‘0°° f(hl/ﬁy dy / f 1+‘3 (43)

(ii) For any bounded measurable f on R such that |f(y)| < Ly fory € [0, Bh'/*] and some
constant L, it follows that

1 [® /8 ™ fly)dy “1+1/p
‘h /0 S y)p(y)dy /0 J1ip | < Coplh : (44)
with g gl-p
B 2B
= < —
Cpp = +/ yp(y dy_l ,B+B_1—ﬁ'

Proof. (i) From the condition on the support of f, one can change p(y) to y' ~#. Changing
the variable of integration to y' = h'/Py completes the proof.
(i) Let f have support on [0, Bh!/P]. Then

B
‘ / F(RPy)p(dy) ‘ ’ / F(Py)ply )dy‘ < HVRL [T ypy)dy,
and 1/p 1/p
Bh Bh —p
f1+ﬁ ‘_ / f(ﬁ‘;y <L/ d% B! Li~1+1/8.
0 y oy 1-p
implying (44). From BB > 1, it follows that B > 1, which implies the last estimate for
Cpp O
In particular, it follows that, for f € o
-1 (% xx d
[y = ppty — [ LEEOZSEMY] < 2By e )

3.3. Estimates for Characteristic Functions for Distributions with a Density

It is well known (and easy to see) that if the support of a probability law y on R is
not contained in a lattice, then the characteristic function ¢, (q) is everywhere less than
one in magnitude, apart from the value ¢;,(0) = 1. One can give various estimates for the
magnitude of ¢, (q) away from zero. Here, we derive a simple estimate that is handy for
heavy tailed distributions.

Proposition 2. Let a distribution p on R have a bounded density p(x) and there exist B > 0
such that p(x) is monotonically decreasing and strictly positive for x > B. Then for any qo > 0,
there exists a s, € (0,1) such that

|0 (q)| < 524, whenever |q| > qo.

Concretely, one can take

1 o)
1 f/ dx. 46
=13 [ ) ()
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Proof. Letg > gq¢p > 0. We have

2 o) o
_ /B /B cos[q(x — y)]p(x)p(y)dxdy.

~ igx d
/Be p(x)dx

Due to the monotonicity of p(x) and the oscillations of cos[q(x — y)] with period 27t/q,

[ costate - pipax| < [ pear < [T poax

Hence,

e < [ sy [ p) d
e <[ r P dy.

Therefore,

a0 < | [ i as
< /OB p(x)dx + \'//;;Jrﬂ/q0 p(x)dx /Boo p(y)dy

=1- /: p(x)dx + \//BBJNTM0 p(x)dx /: p(x)dx,

which is easily seen to be bound by Cs¢, from (46). [

+ ’/ e p(x) dx
B

3.4. From Weak to Strong Convergence of Distributions

Convergence of a sequence in the smooth Wasserstein metrics (9) implies the weak
convergence of this sequence. Here, we present a quantitative result, which is a generaliza-
tion of Corollary 1.6 from [8], showing that if a limiting distribution has a density, then the
convergence with respect to any of the smooth Wasserstein metrics implies the convergence
in Kolmogorov’s metric (15). Moreover, one is able to relate the rates of convergence in
Wasserstein’s and Kolmogorov’s distances.

Proposition 3. Let X,Y be two random variables such that the distribution of Y has a bounded
probability density p(x) with M = sup, p(x). Then, forany k € N,

ko1 (X,Y) < (M + 3g)[der (X, Y)Y/ D), (47)

with a constant g, > 1 depending only on k. For instance, e1 < 3/2 and sy < 6. Moreover,
forany o € (0,1],
dior(X,Y) < (M+1)[dg, (X, Y)Y, (48)

dgor(X,Y) < (M+3/2)[dp, (X, Y)]V/ 2, (49)

Proof. Since s > 1and dg,(X,Y) < 1, inequality (47) holds trivially whenever d~ (X, Y) > 1.
Let us now assume that d+(X,Y) < 1.
By the assumptionson Y,

P(Y € [a,b]) < (b—a)M

for any interval [a, b].

Let ¢ be a smooth function R — [0, 1] such that ¢(x) = 0forx > land ¢ = 1forx <0,
and let p > 1 be a constant. Let ¢2(s) = ¢(o(s — z)), so that ¢ .(s) = 0 fors > z+1/p.
Then

P(X < 2) < Efpa(X) < B@pa(Y) +dex (X, Y)0b 9] cx
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<SP(Y <z+1/p) +doe(X, V)9l < P(Y < 2) + M/p +dee(X, )" [|9] -

Let us choose p = [dck (X, Y)] ™/ 1), Then
P(X <2) —P(Y < z) < [dx (X, V)]V EDV M+ 1] o).
Similarly, the opposite inequality is obtained, implying (47) with s¢x = ||¢||ox. Fork =1,
one can choose ¢(x) = 1 —3x? +2x3 for x € [0,1] so that 31 = max,[o1](6x — 6x) = 3/2.
For k = 2, one can choose ¢(x) = 1 — 10x% 4 15x* — 6x° yielding 55, < 6.
Inequalities (48) and (49) are proved analogously, choosing the linear function as ¢

on [0, 1] for the first case (so ¢ becomes Lipschitz with the Lipschitz constant 1) and the
function 1 — 3x? + 2x3 for the second case. [

We will need this result for the distributions of stable processes ¥ = Zf . By (36)
and the scaling property of the stable densities, we derive that for the standard p-stable

subordinator Y = ZE , the constant M in Proposition 3 can be estimated as

M = max Sp(t,x) < r%ﬁ)[tcos(nﬁ/z)]l/ﬁ < r%f)[t(l —-B)VE,  (50)

and for the distribution of Y = flf generated by L p, this constant modifies to
M = max Sg(t,x) =< [tT(2—p)/p] /P (12@ <1/2t7VF, (51)
X

where Lemma 1 was used.

4. Regularity of Stable Semigroups in Holder Spaces

We are planning to derive Theorem 1 by an application of Proposition 1 with d = 1.
For this application, we need estimates (40) and (41). The former is supplied for our setting
by Lemma 2. The latter estimate is the subject of the present section.

Proposition 4. Let TE be the Feller semigroup of the B-stable Lévy subordinator in R generated by
the operator
® flxty) — fx)
L,Bf 1+,B dy

Then, for any o € (B, 1],

HTﬁf f” ( )t”fHa/ (52)

and for any o € (0, B,

ITgf — fII < ( /0 £, (53)

—B)

Proof. If « € (B, 1], then

e < e [ itz [ ) <2 )5l = 522551l

In particular,

ILgfll < ( B) Ifllca- (54)

Hence

IT5f = £ < [ ITLyfdsl < HlLf < 5 2t
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yielding (52).

Next, let ¢ be an even nonnegative smooth function on R with support in [—1, 1] such
that ¢(0) = 1and [ ¢(x)dx = 1. For 6 € (0,1], let ¢s(x) = 6~ 1¢(x/5). Let us approximate
an arbitrary continuous function on R by its convolutions

(f *¢s)(x /f )ps(x —y)dy = /fx— )Ps(y) dy

If f € Hy, then
I = Fgsll < sup [ 1) = FIg(x—)/0) T < fllasup [ I = yi*p((x —1)18) 2

= 1fla0® [ 121%0(2) dz < [ lad".
On the other hand,
1 " 2
1Cf*¢s)'ll < 111 / 9" (W)l dy < ZIIfII-

Hence,
2 2
If > @sller < [Ifllmax{l, 5} < [Ifl
Therefore (using (54) in the last step),

(T = DfI < I(Tg = 1)(f = fra)ll + (T = 1) (f xpa) | < 2I1f = fpsll +tILp(f x5l

<120+ g ).

Choosing 6 = (2t)1/(1+%) and estimating B(1 — B) < 1/4 yields (53). O
Lemma 3. If f € Hy,, then Lg € Hy and

ILgflla < B )Hlea (55)

Proof. Writing
Lpf(x) = Lyf(x) + Lgf(x)

with f
1 fx-|-z 0 x+w
Lgf(x) / st / zl+ﬁ %
2 * flx+z) = f(x) )
Lﬁf zHﬁ dz,
M - )
Lgf(x) — Lyf(y 1 1
B z _
ey < Il | = =gl
and

[Lf(x) - L3f )] /°°If(X+Z)—f(y+Z)!+\f(x)—f(y)ldz
)1

Ixfyl“ |x — y|ez! P

_a [ dz
<2 -y [7 555 < 5




Fractal Fract. 2023, 7, 335 16 of 23

Therefore (and using (54)),

IILﬁf||a<||f||1a< s ;)
yielding (55). O

Proposition 5. Under assumptions of Proposition 4, if « € (0, B], then

-1 10 ire
'( ¥ —L/a>f| < g =g Il 56)
and if « € (B, 1], then
Tt —1
B 4u
|< t Lﬁ>f| = ‘32(1 —B)(a — ,B)tHle’“' (57)
In particular,
t
4 -
”( ' _Lﬁ>f|| < ( g g e (58)

Proof. We have

Tt —1 t
( 2 _Lﬁ>f_1/O(T§—1)Lfds.

Hence, if & € (0, B], then by (53) and (55), the left-hand side of (56) is bounded by

ﬁ(lfiﬁ)ta/(lw)”Lﬁf”a < fxf_ﬁ)t“/(1+“>@||flll,a/

yielding (56). Similarly, the case « € (B, 1] is dealt with. O

5. Proof of Theorems 1 and 2

As a direct consequence of Proposition 1, estimates (45) and (56), and the observation
that, because the Feller semigroup of the stable has a spatially homogeneous integral
kernel, this Feller semigroup is a contraction in all spaces C¥, the spaces H, and Hj , (so
Proposition 1 holds with m = 0), we can conclude that, for « € (B,1],

s s _ h
sup | ("~ Ty f < (PP 4 e e 69)

Consequently, under (4), choosing any « € (B, min{1, (1 — B)/B}] yields (5).
If (4) does not hold, then, choosing « = (1 — )/, we obtain

. 2B 4 10 .
sup | (1"~ TF < (2 5h0 PP 4 it oo )

Since (1 —B)/B > 1 — B, it implies (8), completing the proof of Theorem 1.
Next, by (49),

sup dio (@, ££) < (M +3/2)[dp , (@, £0))/ (42,
s<t
with M < 1/2 by (51). Therefore, estimates (11) and (13) follow from Theorem 1.

In view of these results, in order to prove (12) and (14) it is sufficient to consider only
the case of t = 1. To complete the proof, one has to look first at the proof of Proposition 3
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and to note that in order to estimate |P(X < z) — P(Y < z)|, it is sufficient to choose M to
be the maximum of the density p(x) only in a neighborhood of K (and not necessarily the
global maximum). Then for any s € (0,1), we can use inequality (49) with

M = M(s) = S5(s,K) = (sT (1~ B)/B) " /PSp(1, K(sT (1~ p)/B) /).
Let us decompose the domain of variables K into two parts: K > Ky and K € [k, Kj), where
Ko = 2[sT(1 - B)/p]"*.
In the first part, K(sT(1 — B)/B)~'/F > 2, and we can use estimate (39) to conclude
that M < 3K~! < 3k~!. In the second part, we use estimate (51) yielding

M < %5*1/5 <(r(1-p)/p)YFr 1.

Since (T(1 — B)/B)Y/P > 3, this completes the proof of 2.

6. Tails of Scaled CTRW

Recall that 7;, i € N, is a sequence of positive independent and identically distributed
random variables having probability density p(y) on R such that p(y) =y~ F fory > B
with some € (0,1) and B > 0 such that 8BP > 1, and

[t/h)
of = Y n/fr,. (61)
i=1

is the corresponding scaled random walk.

Proposition 6. Assume additionally that p(0) = 0 and p(x) is continuously differentiable. Then,
forany K > 0and t > 2,

P(d! < K) < %K(t —1)"VEE L w(t—1), (62)

where w(t — 1) is exponentially small for large t uniformly for h < 1 and all K. In particular,
fort > to with some ty (which is explicitly given by condition (71)),

K(t—1)"VE2l/B,

N —

w(t—1) <

and
P(P! < K) < 21+2/PKt=1/P (63)

forallh <1land K > 1.
Proof. The characteristic function of ® equals
. 1//3
Do (9) = [pr(ght/ P/ = 1+ [ (7%~ 1)p(x) dx] 1.

We need an estimate for its magnitude.
Consider separately three domains of the values of g:

I: gl <GV a1 G VP < gl < G VP, I Jq) > G VP,

with constants Cq, C; chosen later. Then we can write

1 K[
P(CD? <K) = E/o [/ equ(pq)?(q)dq] dx



Fractal Fract. 2023, 7, 335 18 of 23

7 UL R
Y iq V= T T

In domain I,
* ignl/b -
o ()] < 11+ [ (@7~ 1)p(a) dx| /1.

By (5),
lth/ﬁx B /oo (e —1)dy
h/ Jp(x)dx = 0 P +w,

w| < Cpglglh 1P,

where

The value of the integral on the right-hand side is well known:

1+ﬁ - B

/ (ezqy _ 1 F(l - ﬁ) e—inﬁsgnq/2|q|l3

— I-‘(1‘B’B)|q|ﬁ(COS(7T,B/2) F lSlI'l(Tf‘B/Z))/

where F corresponds to positive and negative g, respectively. If

W B < S cos(npr2), 64
then L
9o ()] < [1+ [ (@~ 1)p(x) dx]

ri—-p)

<f-h 1918 (cos(mB/2) F isin(mB/2))| + hlw|

I A TSR T TR
_\/1 B g (2costmp/2) - 1B g i

<1- 3B g (2cos(mp/2) - hE B e

hT(1-—
<1- Z(ﬁﬁ)|q|ﬁ(3/2)cos(nﬁ/2) +hlw).
If, additionally,

|91P (cos(mB/2), (65)

hI(1-p)
1/B < 2\
CaplglhP < i B

then

oy (] < 1+ @7 < 1)p(x) dx) < 1= 702 g cos(pr2),

and

_ (t=1)/h B
oy @] < (1= 575 alPeos(np/2)) < exp{—5(t = DlglF = cos(mp/2).

Conditions (64) and (65) are satisfied if

g < Cih~ VP (66)
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with

1/B
C1 :mm([zr(l"iﬂ) COS(ﬂﬁ/z):| 4

which we assume from now on.
Then

1= 5 [ ept=g - 100 0 costpr) g

Changing the variable of integration yields

1= =078 [ exp(— ot N cos(mpr) g

and therefore
-1/8

|/I| < Krgjﬁ/'g)(t_l)—l/ﬁ<;r(1ﬁ_'3) COS(T[ﬁ/Z))

Using the inequality cos(7tf/2) > 1 —  and Lemma 1 yields the estimate
JIE %K(t—n—l/ﬁzl/ﬁ. (68)
I
We assume that p(x) is continuously differentiable and p(0) = 0. Then in domain III,

L
OIS

and

2 (t=1)/h
| 111| = /q>C2h B 71q (th/ﬁ d}/) dq
= By /By 1) (/‘” ) dy/C2> =t
(t—1) 0

Thus, ) ™

= w2 ([ wwrare) "
Choosing

Cz = max (Cl,z/ |dy>
we obtain o o
| 111| = et — 1)2 ' (69)

Thus, fort > 3,anyh <land K > 1,

t—1)"1/P2l/F,
[ 1< gKG-1)
which is bounded by 1/12 of the estimate of the main term | [, |.

Finally, to work with II, we use Proposition 2 to conclude that [¢7(q)| < s, <1 for
lg] > C;. In our case,

1
_1—7/ — 1= x 1 Pdx=1— —(B+mr/C;) P
B+7r/C1 2 B+7m/Cy 2[3( / 1)
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Then in II,
t—1)/h
9oy ()] = 197 (gh'/P) /1] < 5ei=0/n
Therefore,
2 QP gg 2 C
| H| < E%gl 1)/h/ a9 _ 2D/, 22 (70)

b g w G C;

Thus, the second and the third integrals are exponentially small for large ¢ uniformly

for h < 1. Moreover, if ty > 3 is such that

2 (-1, 1 ~1/Bo1/P
< _
e, In Cy 8(t0 1) 24P,

(71)

then | [;, |+ [;;; | is bounded by 1/6 of the estimate of the main term | [, | yielding the
required estimate for the exponentially small remainder w(t — 1). Finally, estimating

t/(t—1) <2, yields (63). O

7. Proof of Theorem 3

Let us prove (19), as other estimates are proved quite analogously. If ¢ > 1 and

B> (1—B)/B, thenby (13),

A

sup sup |P(®! < K) — P(Zsﬁ < K)| < C(B)(h'~Pr)P/(B+1),

K>01<s<t

(72)

with a constant C(B) given explicitly in (13). We shall use this estimate for t < Q) with
some large () > 0 to be chosen later. For t > (), we shall estimate the probabilities on the

left-hand side of (72) via tail estimates.
Namely, by (63), for t > t,

P(®P! < K) < 21+2/PK=1/P

and by (38)
PSP < K) < 15Kt VP,
Thus,
supsup |P(®} < K) — P(£F < K)| < 21+2/FRQ /¢,
k<K t>Q
Consequently,

A

supsup [P(®! < K) — P(££ < K)| < C(B)(h1~PQ))F/ (BHD) 12 x 22/BRQy-1/F,

k<K s>1

Choosing now
1-p)
Q = hiel = 113 ’
Tiip+p
we obtain
supsup |P(®! < K) — P($£ < K)| < C(B,K)he/,
k<K s>1
with
C(B,K) = C(B) +2 x 27/FK,

whenever h¢ < 1/tj. This implies (19).

To obtain similar estimates for (22), one uses estimates (12) and (14).
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Finally, to prove (23), let us again consider the case p > (1 — )/ for definiteness. Let
us decompose the integral

A

1:/ IP(@! < K) — P(£F < K)|ds
0

into the two parts I + II, over the domains {s < ) = h~¢} and {s > Q} with some € > 0.
Then the integrand is bound (up to a constant) by

(1+K71)(h1755)‘8/(‘8+1)
in the tirst domain an s— in the second domain. Integrating, we obtain the estimate
in the first domain and by Ks~1/# in th d domain. Integrating btain the esti
I<(1+ Kfl)h(lfﬁ)ﬁ/(/5+1)h*€[1+l3/(15+1)] + Khe(1=B)/B.

Choosing 2 p

1+ B+ pY

we obtain the estimate
I < C(B)hPI-P?/ (1+p+F?)

implying (23).

8. Proof of Theorem 4

For definiteness, let us consider the case with § < 1/2, other cases being quite analogous.

We have
Nl/h
|EU," " f — EFy, f|| < I+11,

with ,
N/h
1= |EUN'"f ~EEfl, 11 = |[EEyf — ERyf].

To estimate I, we write
"00 z 00
= [ - Epas) = [ - Eps) + [ - Epulas),

where ' is the distribution of N}'.
By Proposition 1, the first term here is bounded in magnitude by

K\l fllpe™ 7z,
and, by Proposition 6, the second term is bounded by
2|fIP(NF > z) = 2|| fI[P(® < t) < 222/ Pz 1P| f].

Thus,
1] < [h€™ /2 + 2742 Pz~ V| £ p.

Choosing z = min(1,w/m)In(1/h) yields
[I] < || fllp[h“~¢ max(l,m/w)ln(l/h)*1 +22+2//5tln(l/h)*l/ﬁ(max(l,m/w))l/ﬁ]
< 4(t—|—1)ln(l/h)*l||f\|D(4max(1,m/w))1/‘B.

Integrating by parts in II, we obtain the following:

1T = |BeMf — Bl ||
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1 [ 2 (@) (Pl < 5) ~ PN} <))
— || [T LetfREL > 1) - p(@) > 1) ds|

< ||Lf||/ P(EP < 1) — P(O! < 1)|ds.
Consequently, by (23),

I <1||fp(1+t+t1)C(B)nP.

Since the logarithmic decay of integral I is more rough than the power decay of 1II,
estimate (26) follows.
Finally, if m = 0, then

1] < (192 + 2242/ Pz VP f|p,

which is of order 1%/ (F+1) (obtained by choosing z = h~“F/(F+1)). Choosing further the
worst power estimate from I and II, completes the proof.
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