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Abstract

Exponential relaxation to equilibrium is a typical property of physical systems, but inhomogeneities are
known to distort the exponential relaxation curve, leading to a wide variety of relaxation patterns. Power
law relaxation is related to fractional derivatives in the time variable. More general relaxation patterns are
considered here, and the corresponding semi-Markov processes are studied. Our method, based on Bernstein
functions, unifies three different approaches in the literature.
© 2018 Elsevier B.V. All rights reserved.

MSC: 60K15; 60J35; 34L.10

Keywords: Relaxation; Fractional calculus; Bernstein function; Semi-Markov process; Continuous time random walk;
Semigroup

1. Introduction

Relaxation phenomena in complex systems can deviate from the traditional exponential
model. In a heterogeneous system, a linear combination of exponential curves with varying rates
can lead to power law relaxation, or a variety of other forms. Power law (Cole—Cole) relaxation
and Havriliak—Negami relaxation (transitioning between power laws frequency changes) are
commonly seen in complex materials, including polymers, disordered crystals, supercooled
liquids, and amorphous semiconductors [20,23,52]. The connection between relaxation and
continuous time random walk (CTRW) models is reviewed in [58]. In the CTRW model, particle
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motions X, are separated by random waiting times W,, and the long-time limiting particle
density solves an evolution equation that incorporates the relaxation curve. One famous example
is the fractional Fokker—Planck equation for subdiffusive particle motions in a potential well,
where delays in particle motion caused by sticking or trapping with a power law distributed
waiting time lead to a fractional time derivative in the evolution equation for the particle
density [21,30,31,44,54]. More general waiting time distributions lead to a variety of pseudo-
differential operators in time [40] that model general relaxation patterns.

In this paper we apply the theory of Bernstein functions to unify the three main approaches
to relaxation modeling that are exemplified by the work of Meerschaert and Scheffler [40],
Toaldo [55], and Magdziarz and Schilling [32]. We show that all three approaches are equivalent,
and we establish the correspondence between the model evolution equations using conjugate
Bernstein functions [53]. We establish some properties of solutions using regular variation
theory [12,18], and we apply these solutions to construct general semi-Markov (CTRW) particle
models. The forward and backward Kolmogorov equations for Markov processes on a discrete
state space are generalized to the semi-Markov case, and the classification of states into transient
or recurrent is discussed. More general evolution equations, solved by time-changed (relaxed)
semigroups on a Hilbert space, are also considered.

To illustrate the main ideas of this paper, we briefly consider a special case. For 0 < 8 < 1,
the time-fractional diffusion equation

afulx, 1) = 0%u(x, 1)

using the Caputo fractional derivative in time [35, Eq. (2.16)] is equivalent to
DY u(x, 1) = 3%ulx, 1) + u(x O)L
e I -p)
using the Riemann-Liouville fractional derivative in time [35, Eq. (2.17)] since these two
fractional derivatives are related by 8,'S f@ = ]D)f f@)— fOP/r1 —p)forall0 < 8 < 1
[35, Eq. (2.33)]. Applying ]D)t] ~? to both sides yields a third equivalent form

du(x,1) =D P%u(x, 1)

using a traditional first derivative on the left-hand side. The first form is compact, the second
highlights the initial condition, and the third is most useful if one wishes to add a forcing term.
Complete details of the equivalence can be found in Example 4.1. Our main goal in this paper is to
establish and understand the corresponding equivalence for a general class of time-nonlocal dif-
fusion equations. The main technical difficulty is to find an appropriate operator to apply to both
sides, to convert the nonlocal time operator to a first derivative in time. It turns out that the key is
to interpret the general case of these three equations in terms of conjugate Bernstein functions.

2. Relaxation patterns
2.1. Some basic facts on Bernstein functions and subordinators

In order to go on with the results we recall basic facts from the theory of Bernstein functions
and subordinators (see Bertoin [9,10]; Schilling et al. [53] for more details). A Bernstein function
f 1 (0,00) — [0, 00) is defined to be of class C*° and such that (—1)"~! f®(¢) > 0 for all

n e N:={1,2,3,...}. Afunction f is a Bernstein function if and only if [53, Thm 3.2] it can
be written in the form

f(@) = a+bg +f (1 —e ) vds), 2.1
0
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where a and b are non-negative constants and v(-) is a measure on (0, c0) such that the
integrability condition

[e.¢]
/ (s A Du(ds) < o0 2.2)
0
is fulfilled. The triplet (a, b, v) is said to be a Lévy triplet. An integration by parts of (2.1) yields

6 (@) = b+ / e 5(s)ds, 23)
0

where V(s) = a + v(s, 00). It follows from [53, Corollary 3.7 (iv)] that (2.3) is a completely
monotone function, i.e., it is C* and such that

d}’l
(—1)"W (0~ f(¢)) = 0, foralln € N U{0}. (2.4)
A particular subset of the set of Bernstein functions is the set of special Bernstein functions. A
Bernstein function f is said to be special if f*(¢) = ¢/f(¢) is again a Bernstein function. The
function f*, which is also special, is called the conjugate of f and has the representation

* d) * * /00 —Ps\ |, *
AT ds), 25
1 (@) @) a ¢ ; (1 —e)v*ds) (2.5)
where [53, p. 93]
0, b>0, 0, a >0,
b = 1 a* = 1 (26)
PR = _—, =0.
atv0.00 79 bt [Crvdn)

In what follows we will also need complete Bernstein functions. A Bernstein function f is said
to be complete [53, Def 6.1] if the density v(s) of the Lévy measure v(ds) = v(s)ds appearing
in (2.1) exists and is a completely monotone function. According to [53, Thm 6.2, (ii)] we have
that a Bernstein function f is complete if and only if ¢ — ¢! f(¢) is a (non-negative) Stieltjes
function, i.e., a function % : (0, 0o) — [0, o) which can be written in the form

W) = 3+b+/m !
) 0o ¢+s

where s is a measure on (0, o0) such that

/00(1 +5)"'s(ds) < oo. (2.8)
0

s(ds), 2.7

It is also true that f is complete if and only if the conjugate f*(¢) = ¢/f(¢) is complete, and
hence every complete Bernstein function is special [53, Prop 7.1].

Bernstein functions are naturally associated with subordinators which are non-decreasing
Lévy processes. The one-dimensional distributions of a subordinator form a convolution
semigroup of sub-probability measures on [0, 00), i.e., a family of measures {u,(-)},;>( supported
on [0, co) such that

(1) w0, 00) < 1,
(2) ps * g = pegs forall s,z > 0,
(3) p; — & vaguely ast — 0,

and moreover the Laplace transform

() = LI (@) = /0 e P (dx) = e, (2.9)
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where f(¢) is a Bernstein function. We will denote by of(t), t > 0, the subordinator with
Laplace exponent f. If f is a special Bernstein function then the corresponding subordinator
is also called special. The following facts will be used throughout the paper. A subordinator is
special if and only if [53, Thm 10.3] its potential measure

. oo
vl dr) = E / Ly rearyds = cdodt) + u, (1)t (2.10)
0

for some ¢ > 0 and some non-increasing function u,r : (0,00) +— (0, 00) satisfying
fol Uy fpy(t)dt < oo. In particular from [53, Corollary 10.8] we know that if b = 0 and
v(0, 00) = oo then ¢ = b* = 0, v*(0, 00) = 00, and

Uy (t) = a* 4+ v*(t, 00) = v*(1). @2.11)

2.2. Relaxation patterns

Meerschaert and Scheffler [40] develop limit theory for the continuous time random walk
(CTRW) model from statistical physics. Given an i.i.d. sequence of jumps J, and an i.i.d.
sequence of waiting times W,, a particle jumps to location S, = J; + --- + J, at time
T, = Wi + --- + W,. Given a convergent triangular array of CTRW models, they show [40,
Theorem 2.1] that the limit process is of the form X (L' (1)) where X(¢) is the limiting Lévy
process for the random walk of jumps, time changed by the inverse subordinator

L/(t) = inf{s > 0:0'(s) > 1}. (2.12)

Kolokoltsov [28] extended the model to a Markov process limit X (¢) by allowing the distribution
of the jumps J,, to vary in space. In both cases (under some mild conditions, see [40, Theorem
4.1] and [28, Theorem 4.2]) the probability densities p(x, t) of the CTRW limit solve a governing
equation

Cr(0)px,t) = Ap(x, 1), (2.13)

where A is the generator of the Markov semigroup, and the Caputo-like operator C/(9,) is
defined so that

L[Cr@u](s) = f(@)ia(¢) — ¢~ f@u(0) (2.14)
where L [u](¢p) = u(p) = fo e~ u(t)dt is the Laplace transform, see [40, Remark 4.8]. If
the waiting times W,, belong to the domain of attraction of a stable subordinator with Laplace
exponent f(¢) = ¢, then (2.13) specializes to

o p(x, 1) = Ap(x, 1), (2.15)

where 8,’3 is the Caputo fractional derivative [41, Eq. (2.16)]. Other choices of f lead to
distributed order [39] and tempered [5,13] fractional derivatives (see also Example 4.6).
Let u be a real-valued function on [0, 0o0). Toaldo [55, Eq. (2.18)] introduced the operator

d d [’
f — - 5(f —
Diu(t) = bdtu(t) + a’t/o u(s)v(t — s)ds, (2.16)

where v(s) = a + v(s, oo) for a Lévy triplet (a, b, v), and where s — v(s) is assumed to be
absolutely continuous on [s, c0) for any s > 0 (a generalized Riemann-Liouville derivative).
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The operator (2.16) can be regularized by subtracting an “initial condition”, as in [40, Remark
4.8], resulting in a generalization of the regularized Riemann—Liouville derivative

”D,fu(t) = b%u(r) + % /0 u(s)v(t — s)ds — v(t)u(0). (2.17)

Use (2.3) to compute the Laplace symbol of (2.17) as

£[9/u] @) =bii9) — bu®) + ¢L 1w +91(¢) - (% - b) u(0)

— bii(e) — bu(0) + $ii(e) (% - b) - (% _ b) 4(0)

= f(P)iu(p) — ¢~ f(P)u(0). (2.18)

This shows that (2.14) and (2.17) are the same operator at least for exponentially bounded
continuously differentiable functions u: indeed the Laplace transforms agree and furthermore
t— ’D{ u(t) is a continuous function since by [55, Proposition 2.7] we can write

fut) =bLun+ & / ' Ws)P( — 5)ds —
D/ u(t) _bdtu(t)+dt A u(s)v(t — s)ds — v(t)u(0) (2.19)

= biu(t) + f u'(s)v(t —s)ds (2.20)
dt 0

and therefore Q,f u(t) is continuous, since 1’ and v are continuous, hence also u’*v. Hence (2.17)
provides an explicit definition of the operator Cs (9;) in (2.13). Observe that (2.20) is a general-
ization of the classical Dzerbayshan—Caputo derivative (according to [55, Definition 2.4]).

A third approach was adopted in Magdziarz and Schilling [32]: the authors pointed out that
the distribution (one-dimensional marginal) of B (Lf (t)), a special case of the CTRW scaling
limit where B is a Brownian motion, is the fundamental solution to the generalized diffusion
equation

0 192
Eq(x, 1) = ggﬁlﬁq(x, 1), xeR,t>0, (2.21)
where &, is the integro-differential operator
d t
du(t) = —/ u(s)M@ — s)ds, (2.22)
dt Jy
for a kernel M (¢) such that
1
LIMDI(P) = —. (2.23)
(@)

A special case of (2.21) called the fractional Fokker—Planck equation, with M(s) = s~ /I'(1—«)
for some 0 < @ < 1, was introduced by Metzler et al. [44] in the physics literature, see also
Henry et al. [21]. The extension to a general waiting time distribution, and hence a general time-
convolution operator @,, was pioneered by Sokolov and J. Klafter [54] in the context of statistical
physics, see also Magdziarz [30], and in the mathematical literature by Magdziarz [31]. The form
(2.21) of the CTRW limit equation is needed when one wants to add a source/sink term with the
natural units of x /¢, see Baeumer et al. [6] for additional discussion.

In this work we place these different approaches in a unifying framework by appealing to
the theory of special Bernstein functions. Let f be the special Bernstein function (2.1) with
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conjugate (2.5) where a* and b* are given by (2.6). Assume that v(0, co) = oo, so that b* = 0 in
view of (2.6). As in (2.3), an integration by parts in (2.5) yields

o~ (p) = b* + / ” e P 0% (s)ds, (2.24)
0
which implies that
1
Lv* = ¢ fHp) = —, 2.25
[*0)] (@) = o7 (@) 7@ (2.25)
since f*(¢) = ¢/f(¢). We may write d,u(t) = % Y, u(t), where

u(t) = / u(s)M@ — s)ds, (2.26)

0

and L[Yu(t)] = f ()" 'u(¢) for continuously differentiable functions u. Hence by (2.23) and
(2.25) the operator (2.22) is related to the conjugate Bernstein function f*, while (2.14) and
(2.16) are related to the Bernstein function f. In particular, if » = 0, then LZ[D,f u(t)] = f(¢)u(ep)
and L[ Yu(t)] = f(¢)"'u(¢), so that D/ T,u(t) = ¥, D/ u(t) for sufficiently smooth functions
u. This shows that the operator (2.26) is the inverse of the operator (2.16) of Toaldo [55],
when b = 0 and M(t) = v*(t). Then &, D/ = L ¥, D/ = £ and heuristically (2.21) can be
seen as the result of applying &; to both sides of (2.13) with A = %33722 This will be made
precise in Theorem 2.5. For sufficiently smooth functions # we can use (2.18) to say also that
¥, D/ u(t) = u(t) + u(0). Finally, note that we also have M(t) = u,(t) in view of (2.11).

Next we study the eigenstructure of the operator (2.17), and a corresponding property
for (2.16), by considering solutions ¢ +— g(i,t) € C'((0, 00), R), continuous at zero and
exponentially bounded, to the equations

t

d _ _
a ). g, s)v(t — s)ds — v(t)g(r, 0) = Aq(2, 1), t >0, (2.27)

q(x,0) =1,

and

d d [!
—q(\,t) = A—f (A, s)V*(t — s)ds, t >0,
ar’? dr Jo 1 (2.28)

qgx,0)=1,

where vV(s) = a + v(s, 00) and V*(s) = a* + v*(s, o0). Note that in view of the discussion above
the operator on the right-hand side of (2.28) coincides with the operator (2.22) studied in [32]
if v(0, 00) = oo and M(r) = v*(r). The prototype of our solutions is clearly the Mittag-Leffler
function E,(At%) := Z,fio()»t“)k/F(ak+ 1), @ € (0, 1), which is the eigenfunction of the Caputo
fractional derivative (e.g. [41, p. 36]) and also solves (2.28) when the operator on the right-hand
side is the Riemann-Liouville fractional derivative of order 1 — « (e.g. [33, p. 12]). Furthermore
it is well known that this function is continuous on [0, o) and completely monotone (and hence
C'((0, 00), R)) and it is not differentiable at zero (e.g. [34, Section 3.1]).

In the next theorem, we impose the additional assumption that for some y € (0,2), C > 0
and ro > 0 we have

/ szv(ds) > Cr? forall0 <r < rg, (2.29)
0
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as in Orey [47]. For example, (2.29) holds with y = 2 — « if v(ds) > Cs~'=ds, for all
0 < s < rg, which is true in all the examples discussed in this paper. Note that Meerschaert and
Scheffler [40], Toaldo [55], and Magdziarz and Schilling [32] all assume that v(0, co) = oo, and
(2.29) is not much stronger.

Theorem 2.1. Let f be a special Bernstein function having representation (2.1) with b = 0 and
s > v(s) absolutely continuous on [s, 0o0) for any s > 0. Assume that (2.29) holds and that if
y € [%, 2) the Lévy measure v has a bounded density on [s, o0) for any s > 0. Let f* be the
conjugate of f having representation (2.5). Let L7 (t) be the inverse (2.12) of the subordinator
o/ (t) with Laplace exponent f. Then for any » < 0 the C'((0, 00), R), continuous at zero and
exponentially bounded solution to (2.27) is unique and equal to the moment generating function

q(h,1) = B[] (230)
and furthermore:

(1) The solution (2.30) to (2.27) is also the unique continuous and exponentially bounded
solution to (2.28);

(2) [0,00) 3 0 > q(—0,t) is completely monotone for each fixed t > 0, and q(0,1) = 1 for
allt > 0;

3) t — q(i,t) is completely monotone, for each fixed .. < 0, if and only if s — v(s) is
completely monotone;

@) if f(@) is regularly varying at 04 with some index p € [0, 1) then for all . < 0,

(1)
q()\., t) ~ m ast — oo, (231)

both t — q(A, t) and V(t) vary regularly at infinity with index —p, and

o
/ g\, t)dt = oo forall . < O. (2.32)
0

Proof. First we prove that (2.30) solves (2.27). Since v(0, 0o0) = oo, [40, Thm 3.1] implies that
L/ () has a Lebesgue density x — [(x, t). Now [40, Eq. (3.13)] shows that

LIU(x, )] (¢) = c[ Plo(x)> }} @ =1 ff)e—*f(@ (2.33)
and therefore, for 8 > 0+, we have [40, Corollary 3.5]
= Jl@ 1
10, = L[L][] 0 2.34
0,¢) = LIL[Ux, D](@]O) = o 017 @) (2.34)
By (2.18), with b = 0, we have that
d
L [d f q(A, v — s)ds — V(t)} (@) = f(P)g(h, p) — % (2.35)
Taking Laplace transforms in (2.27) and solving for g(A, ¢) then yields
~ fe) 1
Lg, - =qg(, = 2.36
[g(x, ) (@) = q(A, d) 5 @) 2 (2.36)

Comparing (2.34) to (2.36) shows that the moment generating function of L/ is

o0
[ H(x, 1) dx = g0, 1) = B0 5 <. (2.37)
0
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Now we prove that t > E[e*' O] € C'((0, 00), R). Since (2.29) holds, it follows from
Orey [47] that t — P (a fix) < t) has derivatives of all orders. Hence we have that

IE)[eALf(’)] = [00 e (—aiP (af(x) < t)) dx
x

0
=1+ )»f e p (Uf(x) < t) dx
Ot [ee]
=14+2x / / e (s, x)dxds, (2.38)
0 JO

where ¢ +> pu(t, x) is the probability density of o/ (x) for any x > 0. Now it suffices to show
that the function

I1(s) .= /00 e (s, x)dx (2.39)
0

is continuous. Since we assume (2.29) we have that the density (s, x) can be represented via
the inversion formula

wis, x) = 2n)~! / e e ) g (2.40)
R

where @(£) = f(—i£) is the characteristic exponent of the Lévy process o/ and further
le=9®)| < ¢=Cx/4EP for sufficiently large |£| (see Orey [47] at the beginning of page
937). Hence we have by the dominated convergence theorem that w(s, x) is continuous on
(s, x) € (0, 00) x (0, 00). What is more, it is bounded on (s, x) € (0, 00) X (8§, 00) for every § > 0.
Therefore if 5, — so > 0, as n — 0o, we have by the dominated convergence theorem that

o0 o0
/ M uls,, x)dx — / e 1u(so, x) dx as n — oo. (2.41)
s s
Also, by (2.11), we have for all s > s’ > 0,
o0
/ w(s, x)dx = v*(s) < v*(s’) < oo. (2.42)
0

Thus, given € > 0 there is § > 0 such that

§
/ 11(so, D)dx < % (2.43)
0

We now show a similar inequality, for A < 0,

s 8
limsup/ u(s,, x)dx < limsupe”m/ M (s, x)dx
0

n—o0 n— o0 0
oo [e ]
< limsup e (/ w(sy, x)dx — / ™ 11(sn, x)dx)
n— 00 0 §

= (/00 w(so, x)dx — /Ooe“,u(so, x)dx)
0 §
[ee) )
= (f (1 — &™) pu(so, x)dx +/ e u(so, x)dx), (2.44)
0 0

where in the first equality above we used (2.41) and the continuity of the function u,r(s) =
fooo (s, x)dx which follows, with our assumptions on the Lévy measure, from [24, Theorem 5.2]
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(see also the comments following that result). Now we take A 1 0 (use (2.42) to justify the
dominated convergence theorem) and we get that

b $
lim sup f H(sn ) dx < / plso ) < 5. (2.45)
0 0

n—oo

Finally the continuity follows since using (2.41), (2.43) and (2.45), we obtain

< e. (2.46)

o0 o0
/ e (s, x)dx — / e u(so, x)dx
0 0

lim sup
n—oo
Hence (2.38) is continuous on [s, o) for all 5o > 0, and therefore t > FEe*t’® is an element
of Cl((O, 00), R).
Now we can write

d o i *
— e = A e u(t, x)dx. (2.47)
dt 0
Then it follows from the uniqueness of the Laplace transform (e.g., see Feller [18, Theorem 1,
p. 430]) that (2.30) is the unique C'((0, 00), R) and exponentially bounded solution to the
problem (2.27), which proves the first part of the theorem.

Next we prove Item (1). For a C! and exponentially bounded solution, by [1, Corollary 1.6.6],
we can take Laplace transforms in (2.28) to get

Pgh, ¢) — 1 =ApL[q * V*](¢)

=1 (07" 1) — b*) Gr, ). (2.48)
Since f*(¢) = ¢/f(¢), and b* = 0 in view of (2.6), (2.48) can be rewritten
- f(@®)/
A p) = ——— 2.49
W 8) = < (2.49)

which coincides with (2.36). This proves that (2.30) is also the unique C' and exponentially
bounded solution to (2.28), since they have the same Laplace transform.

Next we prove Item (2). Since the assumptions imply that v(0, c0) = oo, the subordinator
o/ (t) is strictly increasing [50, Theorem 21.3], and hence L/(0) = 0 a.s. Then we also have
g, 0) = E 'O = 1. Since 0 > g(—6,1) is the Laplace transform of x +— [(x, t), it is
completely monotone for each fixed t > 0.

Next we prove Item (3). If the function s +— v(s) is completely monotone, we have that for
some measure m(-) on (0, co) and some non-negative constant a

o0 o0 o0
v(s) = a +/ e mdw) = a +/ / we Y m(dw)dy (2.50)
0 K 0
and therefore the function
o0
vy u(y) = / e wm(dw) (2.51)
0

is the completely monotone density of the Lévy measure v(dy). This implies that f is a complete
Bernstein function. Now [53, Thm 6.2 (vi)] implies that

z

—A

p(2) = (2.52)
Z
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is a complete Bernstein function for A < 0, and therefore ¢ o f is a complete Bernstein function
in view of [53, Corollary 7.9]. Therefore we have for some measure k(-) on (0, co) that

po f(p)=c+dp+ /00 (1- e_"”) /00 e "k(ds)dt (2.53)
0 0

and therefore, integrating by parts in (2.53), one has

l((0°f)=/ooe_"” <c+d¢+/oo/006_wsk(ds)dw)dt
¢ 0 + Jo

:/ e (c—l—dqb—i—/ s_le_”k(ds)> dt
0 0

o0 o0
=d+ / e (c + / s—'e—”k(ds)> dt. (2.54)
0 0
The constant d in (2.54) is equal to zero. This can be ascertained by observing that
1 1 f()
—(pof) =t
¢ ¢ f(@)—Ar
as ¢ — oo by [53, p. 23, Item (iv)] and that f > 0, f/ > 0, and —A > 0. Then since
1 1
1 f(9 ‘5 1 . (2.55)
¢ f(@)—A]" @&
as ¢ — oo, it follows that d = 0. Since by (2.36) we also have
1 oo
a (po f) = / e g, nydt, (2.56)
0

and since  — c+ ftoo fooo e " k(ds) dw is obviously continuous, it follows from the uniqueness
theorem for Laplace transforms that

g, t) = c+ /oosfle*”k(ds). (2.57)
0

This proves that t — ¢(A,t) is completely monotone, which establishes the direct half of
Item (3).
Now we prove the converse implication. By assumption we have

g, 1) = c+ /oo e " u(du), (2.58)
0
for ¢ > 0 and a measure w(-) on (0, co). In view of (2.36) we have
1 7@ =/°O g, 1)d 259
GI@—x ¢ ARDY 39
and hence
A /°° ¢,< /Oo —1s )
D=7 Sy ¢\, cmd)a

c 1
2+ [0 S ), (2.60)

which is a Stieltjes function provided that fooo(l + 5)' u(ds) < oo. But such an integral
converges since by Item (1), continuity of # — g(A, ¢) and the fact that g(A,0) = 1, it must
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be true that
1 =q,0 = c+/ uds) (2.61)
0

and therefore wu(ds) is integrable. Now note that F(¢) = 1/G(¢) is a complete Bernstein
function by [53, Thm 7.3]. Then ¢/ F(¢) = ¢ G(¢) is also complete by [53, Proposition 7.1]. It
follows that

L _f@=h_ k

$G@)  f@ [@)
is a Stieltjes function in view of [53, Thm 7.3]. Let g(¢) = 1 — 1/f(¢) and use (2.7) to write
a |
= — — €(ds), 2.62
8(9) ¢+b+0 ¢_|_S(S) (2.62)

then

A f@)=g@)—1= LA +/ ! t(ds) (2.63)
¢ 0o @

+s
and since we know that —X/f(¢) is non-negative (recall that f(¢) > 0 and A < 0) also (2.63)
must be non-negative for all ¢ € (0, 0o). In particular by letting ¢ — oo we deduce that b > 1.
We have thus proved that —X/f(¢) is a Stieltjes function. Therefore by applying again [53,
Thm 7.3] to the Stieltjes function —A/f we deduce that f(¢) is a complete Bernstein function
and therefore
o0 oo
f(@) =a+ / (1 — e ) v(s)ds with v(s) = / e”*'m(dt), (2.64)
0 0

for some measure m and some a > 0 (since we are assuming b = 0). From (2.64) we get that

t
and this proves that s — v(s) is completely monotone, which establishes the converse part of
Item (3).
Finally we prove Item (4). We say that a Borel measurable function f : (0, o0) +— [0, c0)

varies regularly at infinity with index p € R if

o flex) o,

im = c’,

x—o00 f(x)

for any ¢ > 0, see for example Bingham et al. [12, p. 1]. It follows that, for any ¢ > 0, for some
xp > 0, we have [18, Lemma VIII.8.2]

B(s) = a+ foo vw)dw = a+ foo oot A, (2.65)
K 0

(2.66)

xP7f < f(x) < x"T forall x > xo. (2.67)

If p = 0, we say that f is slowly varying. If f(1/x) is regularly varying at infinity with index —p,
then we say that f is regularly varying at zero with index p. Suppose that U (x) is a nondecreasing
right-continuous function on [0, co) with Laplace transform

U(s) = / ” e U(dx)
0

for all s > 0. The Karamata Tauberian Theorem [18, Thm XIII.5.2] states that
xPL(x) ~ _
Ux)~ ———— asx—>o00 <= U(s)~s P L(/s) ass— 0, (2.68)
Ira+p

where L(x) is slowly varying at infinity and p > 0.
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Suppose that f(¢) varies regularly at ¢ = O with index p = 1 — B for some 8 € (0, 1].
Note that if f varies regularly at zero, we must have p = 1 — g for some 8 € [0, 1] due to the
Lévy—Khintchine representation (2.1) [10, Proposition 1.5]. If p > 0, it follows from (2.67) that
we must have f(0+) = 0, and hence a = 0 in (2.1). If p = 0, then @ > 0 is possible, in which
case f(0+) = a. In either case, from (2.36) we have

f@ 1 f@)

¢ f(@)—2r ¢ a—ir
where A < 0, and then it is easy to check that ¢ > g(A, ¢) varies regularly at ¢ = 0+ with
index — 8. Define

g, ¢) = as¢ — 0+,

o, 1) :/ q(\,s)ds
0
so that
ahw=/e”@wm>
0

Apply the Karamata Tauberian Theorem to see that t — Q(A, t) varies regularly at infinity with
index B, and furthermore that
O, t) ~ & ast — oo.
'+ p)ya—2»r)
Now apply the Monotone Density Theorem [12, Thm 1.7.2] to see that t — ¢(X, t) varies
regularly at infinity with index 8 — 1, and furthermore tg(A, )/ Q(A,t) — B ast — 00, so that
g\, t) ~ M ast — oo. (2.69)
I'(l+B)a—2r)
Next observe that (2.3), along with the fact that b = 0, implies that f(¢)/¢ is the Laplace
transform of v(¢). Then another application of the Karamata Tauberian Theorem shows that

_BfA/D)
I'a+p)
Combining (2.69) and (2.70) shows that (@ — A)g(X, t) ~ v(t) as t — 0o, which proves the first
statement of Item (4).
Finally, since t — Q(A, ) varies regularly at infinity with index 8 > 0, it follows from (2.67)
that Q(A, t) — oo as t — 00, which proves the second statement of Item (4). [J

v(t) ast — oo. (2.70)

Remark 2.2. If s — v(s) is completely monotone, then we showed in the proof above that

o0 o0 (o]
v(s) = a—}—/ e m(dw) = a +/ / w e ™ m(dw)dy
0 K 0

and therefore the Lévy density of v is also completely monotone. The corresponding Bernstein
function f is thus a complete Bernstein function. Therefore the adjoint f* is also complete
(Proposition 7.1 in [53]) and has a Lévy density which is completely monotone with tail

o0 o0

v*(s) :a*—i—/ / e "m*(dw)dt
K 0
o0

=a* +f w—le—sw m*(dw),
0
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for some measure m. Therefore s — vV*(s) is a completely monotone function and Item (3) of
Theorem 2.1 may be restated as: the function ¢ > g(A, t) is completely monotone if and only
if s > V*(s) is completely monotone. That is, v is completely monotone if and only if v* is
completely monotone.

Remark 2.3. It follows from [40, Theorem 3.1] that the inverse subordinator (2.12) has a
probability density

I(x,1) = f v(t — s)u(ds, x)
0

for any ¢t > 0, where u(ds, x) is the probability distribution of the subordinator o/ (x) with
Laplace symbol (2.1), and v(s) = a + v(s, 00). It follows that we can also write

qr,t) = / /OO Mot — s)u(ds, x)dx 2.71)
0o Jo

in view of (2.30).

Generalized relaxation equations and patterns have been also examined in [25-27,57,58].
Kochubei [27] considered operators similar to that appearing in (2.27) but with different kernels
of convolution. By making assumptions on the Laplace transform of such kernels he determined
sufficient conditions for the complete monotonicity of the solution. In [25,26] he also studied
distributed-order relaxation patterns, i.e., the solution to

1 qa
/ a—u wlyda = Au, A <O, (2.72)
o 0t“
where (1 is a non-negative continuous function on [0, 1]. He pointed out that in this case the
relaxation pattern is completely monotone. Observe that (2.72) is a particular case of (2.28)
(see [56] for details on this point). An important application of (2.72) is to ultraslow relaxation
where f(¢) is slowly varying at ¢ = 0, see [39] for more details.

Remark 2.4. The proof of [39, Theorem 3.9] provides a partial converse of Item (4) in
Theorem 2.1 in the case of ultraslow diffusion. If the tail of the Lévy measure is of the form

1
v(t) = /0 t"p(n)dn,

where p varies regularly at zero with some index ¢ > —1, then v(¢) is slowly varying [39,
Lemma 3.1], and then it follows that the Laplace symbol

1
¢ f(¢)=/0 I —mn¢" ptndn
is also slowly varying [39, Eq. (3.18)].

2.3. Time-changed processes

Theorem 2.1 and the discussion above suggests how the approaches of Meerschaert and
Scheffler [40], Toaldo [55], and Magdziarz and Schilling [32] may be rearranged under a unifying
framework, by resorting to special Bernstein functions. Now we extend the Egs. (2.27) and (2.28)
to a more general form. Suppose that A is a self-adjoint, dissipative operator that generates a
Co-semigroup of operators 7; on the (complex) Hilbert space (9, (-, -)), and consider the
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generalized abstract Cauchy problem

d t
o g(s)v(t —s)ds —v(t)g(0) = Ag(?), t >0, (2.73)
0
or equivalently (as we will show in Theorem 2.5)
d ) d /IA (s)v*(t —s)d t>0 (2.74)
— = — )Vt —s)ds, > 0. .
ar® ai J, 8

Observe that if A = A < 0 (then g : [0, 00) — R) the Egs. (2.73) and (2.74) reduce to that
studied in Theorem 2.1. In Theorem 2.5 below we will investigate solutions to (2.73) and (2.74),
i.e., functions of the form g : [0, 00) — § with g € C' ((0, 00), $), g(¢) continuous at zero,
g(t) € Dom(A) for any ¢+ > 0 and such that (2.73) and (2.74) are true. If A = %% then (2.74)
with g(¢) = q(x, t) reduces to Eq. (2.21) in Magdziarz and Schilling [32].

We follow Kolokoltsov [29, Section 1.9] and Schilling et al. [53, Chapter 12] for the basic
theory of semigroups and generators. See Jacob [22, Chapter 2] or [53, Chapter 11] for a
nice summary of the classical theory of linear self-adjoint operators on Hilbert spaces. By the
definition of a Cyp-semigroup we have for all u € §) that

(1) Tou=1u
(2) T,Tsu = Tt+su
(3) Tim, o | Ty — ullg = 0.

Note that since A is a self-adjoint generator and it is dissipative we have that the spectrum is
non-positive, i.e., for any u € Dom(A) we have (Au, u) < 0 [53, Proposition 11.2 and formula
(11.4)], and we can apply the spectral theorem [53, Thm 11.4]. Therefore we know that there
exists an orthogonal projection-valued measure

E(B) := / E(d)) (2.75)
B

for Borel sets B C R, supported on the spectrum of A and therefore in this case on a subset of
(—00, 0], such that given a function

Z (00,0l R (2.76)
we may write [53, Eq. (11.10)]
E(Au = / EMNE(dMu, 2.77)
(—00,0]
for u € Dom(Z'(A)), where by [53, Eq. (11.11)] we have

Dom(Z(A)) = {u €H: |20 E@u, u) < oo}. (2.78)

(—00,0]

Therefore given any u € §) we can write
Tu = e*'u = / M E(dMu. (2.79)
(=00.0]

Then for all u € $) we have

I Toully = f M E(dMu
(—00,0]

=
9

= llulls . (2.80)
H

/ E(dMu
(—00,0]
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so that T; is a contraction semigroup (e.g., see [53, Example 11.5]). Since T; is a Cp-semigroup
we also know that for u € Dom(A) we have [29, Thm 1.9.1]

d
ET,M = AT,u = T,Au, (2.81)

and that the map ¢ — T;u is the unique classical solution to the abstract Cauchy problem [17,
Proposition 6.2]

d
2(0) = u.

Theorem 2.5. Ler f and q(X,t) be as in Theorem 2.1 under the same assumptions on v. Let
x > l(x,t) be the density of inverse process (2.12) of the subordinator o/ (t) with Laplace
symbol f. Let T; be a Cy-semigroup on the Hilbert space (%), (-, -)) whose generator A is
self-adjoint and dissipative. The unique C' ((0, 00), $)), continuous at zero and exponentially
bounded solution to (2.73), subject to g(0) = u € Dom(A) coincides with the C' ((0, 00), §),
continuous at zero and exponentially bounded solution of (2.74). This solution is the function
q(A, t)u defined in the sense of (2.77) for all u € 5, and we also have

q(A, Hu = /00 T,ul(s,t)ds, (2.83)
a Bochner integral (?n 9.
Proof. Using the “functional calculus” approach introduced above we define
q(A, Hhu = / qgh, t)E(dMu. (2.84)
(=00.0]

Now we recall from Theorem 2.1 that the function [0,00) > 6 +— ¢g(—0,t) is completely
monotone and may be written as the Laplace transform of the density x + I(x, t) of the inverse
process (2.12) of the subordinator o/ (t) with Laplace symbol f.

Therefore (2.84) becomes

q(A, tu = / q(A, E(dMu
(—00,0]

o0
= / / e (s, t)ds E(dMu
(—00,0] JO

= / / e E(dMul(s, t)ds
0 J(=00,0]
o
= / Tsul(s, t)ds (2.85)
0
by (2.79) and the Fubini—Tonelli Theorem used under the scalar product (-, -) = ||-||%, by a

simple polarization argument.
Note that (2.85) holds for any function u € $: indeed [53, Example 11.5]

/ Tsul(s, t)ds
0

llg(A, Dully = ‘

< f Tyl 1G5, Dds < s (2.86)
% 0

using (2.80) along with fooo I(s,t)ds = 1. The fact that g(A, t) maps Dom(A) into itself may
be ascertained by using [49, p. 364, formula (15)] to say that g(A,¢)A C Aq(A,t) and then
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[49, p. 364, formula (10)], together with the fact that g(A, ¢) is a bounded operator, to say that
Dom (¢(A, t)A) = Dom(A) € Dom (Ag(A, 1)) = {u : g(A, t)u € Dom(A)}.

The function ¢t +— ¢(A, t) is a monotone non-increasing function (see (2.38)) continuous on
[0, 0o0) and continuously differentiable on (0, co) with derivative ¢'(A, ) which is bounded on
t € [ty, 0o) for any ¢ty > 0. Hence continuity and differentiability properties of t — ¢g(A, t) (in
the Hilbert space topology) are direct consequences of continuity and differentiability of (X, t)
and of the representations

lg(A, 1) — q(A, )] = f . (@O, 1) — g0, s)*(E@M)u, u), (2.87)
(—00,0]
2
H q(A, m; —q(A, s JAD)
p 5
2
= / (M —q0, t)) (E(dMu, u), (2.88)
(—00,0] -

taken as s — . In particular the second equality, for strictly positive ¢, shows that (d/dt)q(A, t)
=¢q'(A, t) since q'(A, t)u exists in § for all u € Dom(A) and ¢ > O:

la'cA, o, < / IATully pn(t,x)dx < uys(t) || Aully < oco. (2.89)
0

The fact that g(A, t) solves (2.73) and (2.74) can be ascertained as follows. Since (d/dt)
q(A,t) = q'(A,t), defined in the sense of (2.76), then for the Caputo type operator 2 f holds that

D/q(A, 1) = / D/ g, 1) E(dMu. (2.90)
(—00,0]

By using (2.17) and Theorem 2.1 we have that

t

@;fq(A, t) = / di qg(A,s)v(t —s)ds E(d\) — / v(t)g(A, 0)E(dA)
(—00,01 @1 Jo (—00<,0]

= / rAg(X, t)E(dA)
(=00,0]
=Aq(A, 1), (2.91)

and this proves (2.73). The same arguments can be also applied to the function (—o0, 0] 3 A —
q'(A,t) since (d/dt)q(A,t) = q'(A,t), which is of the form (2.76), and thus by using again
Theorem 2.1 we get

q'(A 1) = / q'(h, 1) E(dMu
(=00,0]

d t
= / — | Ag(\,s)v*(t — s)ds E(d)\)u
(—o0,01 At Jo
d t
=— / Aq(A, s)V*(t — s)ds. (2.92)
dt Jo

Finally we prove uniqueness. From [55, Eq. (5.13)] it follows that, for any # € Dom(A), the
solution g (#) of the generalized Cauchy problem

9/q=Aq, qO0) =u, (2.93)
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has Laplace transform (¢ +— A)
700 = (roy - 0 L (2.94)

In view of (2.17) the generalized Cauchy problem (2.93) is another way to write (2.73), and
hence (2.94) also holds for any exponentially bounded solution to (2.73), for any u € Dom(A).
The remainder of the argument is due to Remark 3.1 in Baeumer et al. [3]. Since A generates
a Co-semigroup, the resolvent (f(1) — A)~! is a bounded operator for all f(1) in the right half
plane. In particular (f(A) — A)~'0 = 0 and hence by the uniqueness of the Laplace transform,
we have ¢ = 0 for initial data u = 0. Then, given two exponentially bounded solutions ¢q;, g, to
(2.93), their difference ¢ = q; — g solves (2.93) with u = 0, and hence q; = ¢,. Therefore, the
exponentially bounded solution to (2.73) is unique. An argument similar to (2.49) shows that the
exponentially bounded solution to (2.74) for any u € Dom(A) has the same Laplace transform
(2.94), hence it is also unique. [

Remark 2.6. Fractional Cauchy problems of the form (2.15) with p(x, 0) = f(x) € Dom(A)
were considered by Bazhlekova [7] and Baesumer and Meerschaert [4]. In this case, we have
f(¢) = ¢P for some 0 < B < 1. Distributed order fractional Cauchy problems with

1
F@) = /0 o p(B)dP.

were considered by Mijena and Nane [45] and Bazhlekova [8]. Solutions to the generalized
Cauchy problem (2.13), which is equivalent to (2.73) or (2.74), were developed by Toaldo [55].

3. Semi-Markov dynamics

In this section we construct a semi-Markov process (3.6) on a countable state space whose
dynamics are governed by the operator equations

d [’ _ _
7 gls) v —s)ds —v(1)g(0) = Ag(r) (3.1
0
and
d d ['
—gt)y=— 1] A V¥t — s)d 32
dtg() dt/o g(s) V*(r — s)ds (3.2)
where A is an |S| x |S| matrix (we allow a countably infinite state space |S| = oo) and

g(t) = q(A, 1) is the operator of Theorem 2.5 defined by (2.84) using functional calculus. We
will work all throughout this section under the following assumptions.

(A1) X(r)is a continuous-time Markov chain with countable state-space S, generated by A and
associated to the semigroup of matrices {P,},~o. We assume that A is symmetric, and that
for its elements a; ; it is true that sup {—a;;} < oo. The assumption sup {—a;;} < oo
implies that X(¢) is non explosive [46, Thm 2.7.1]. Furthermore within such a framework
it is true that P, solves the so-called Kolmogorov backward equation [46, Thm 2.8.3]

d

— P, =AP, 33

TR ' (3.3)
and also the forward one [46, Thm 2.8.6]

d

EP; == PtA, (3.4)
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both subject to Py = 1. If S is finite then A is a finite matrix (hence A is bounded) and the
representation P, = e“’ is true. Since we do not assume that S is finite (but only countable)
we can use the fact that A is symmetric and therefore the representation P, = e is true
in the sense of (2.77) which becomes in this case

Ze o, (3.5)

where A ; are the elgenvalues of A and the v; are a orthonormal basis of eigenvectors of A.
(A2) Y, is a (homogeneous) discrete-time Markov chain on the countable state space S with
symmetric transition matrix H and we denote by /; ; the elements of H.
(A3) Ther.v’s J; are i.i.d. with c.d.f. F;(t) = 1 — q(X, t) for some A < 0, where ¢t > ¢g(A, 1)
is completely monotone by Theorem 2.1. Assume also that the conditions of Item (4) are
fulfilled. We define 7, = Y ;_,J; and

Yt) =Y, forT, <t < T,y 3.6)
and assume that the i.i.d. r.v.’s J; are also independent from Y,, and therefore 7}, and Y,, are
independent. By (2.31) and (2.50) we have that

lim Fy(r) = 1— lim v o _ e (3.7)

=00 g — A a— A

and hence we will assume that a = 0.

(A4) With o/ (r) we denote the subordinator with Laplace exponent (2.1) for b = 0. Since in
(A3) we assumed that t — g(A, t) is that of Theorem 2.1 (and is completely monotone)
we must have that v(0, o0) = oo and that s +— v(s) is completely monotone. Given a
subordinator o/ (¢), t > 0, with Laplace symbol f we denote the inverse process (2.12)
by L/(¢), t > 0. Furthermore we assume that f(¢) is regularly varying at 0+ for some
index p € [0, 1) and therefore by Item (4) of Theorem 2.1 the functions ¢ + v(¢) and
t — q(A, t) are regularly varying at infinity with index —p, and EJ; = oo for all i.

Note that Egs. (3.1) and (3.2) generalize the Kolmogorov backward equation (3.3) to semi-
Markov processes. The corresponding generalizations of (3.4) are
t

<[ serae - 1ds 5050 = g (3.8)
and

d d [

S =4 /O (AT (t — 5)ds. (3.9)

Corollary 3.1. Let A be as in (Al). The matrix q(A, t), defined in the sense of (2.77), where
q(A, t) is the function of Theorem 2.1 (under the same assumptions on v) is the unique solution
to (3.1) and (3.8) as well as (3.2) and (3.9) with initial datum g(0) = 1 (identity matrix).
Furthermore we have, using the Bochner integral, that

q(A, 1) = /oo P, I(s, t)ds. (3.10)
0

Proof. This Corollary is a direct consequence of Theorem 2.5. To clarify the arguments, here
we provide some details where the proof becomes simpler in the present case. Observe that now
the generator A is a matrix with non-positive eigenvalues and, for an orthonormal basis v; of
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eigenvectors of A, the spectral representation (2.77) here is the matrix

E(A) = Y E(pv,v). (3.11)
J

The function g(A, ¢) is therefore the matrix

q(A. 1) = g, )]

J -
= Z/ ¥ 1(s, t)ds v,V
j 70 .

= /OO P, I(s, t)ds. (3.12)
0

It is clear that Eq. (3.8) is also satisfied since P,A = A P;. In our case this may be easily checked

o0
Aq(A,t) = ZAJUJU;Z/ e 1(s, t)ds v;v]
- — Jo
Jj i
o0
:/ ZZAjek"svjv}viv;l(s,t)ds
o TG
o0
= Z/ Xje’\-fsvjv}l(s,t)ds
~ Jo
j
o0
= Z/ ekfsvjv;l(s,t)ds Zkiviv;
— Jo -
J i

=q(A, A (3.13)
which finishes the proof. [J
Theorem 3.2. The process Y (t) introduced in (A3) is semi-Markov and such that the |S| x |S]|

matrix with elements

qi.j(t) = P{Y(t) = jlY(0) =i} (3.14)

satisfies (3.1) and (3.8) as well as (3.2) and (3.9) with initial datum g(0) = 1 for A = —A(H —1),
where H is the transition matrix of the discrete-time Markov chain Y, on S introduced in (A2).
Furthermore

(4i.;),; = a(A, 1) = / T ey, 1y ds, (3.15)
' 0

where q(A, t) is the function of Theorem 2.5 and s +— (s, t) is the density of the process L7 (t)
in (A4).

Proof. First note that since Y (1) = Y,, for T, <t < T,4|, we have that Y (¢) = Yy, where
N’(t) = max{n e N: T, <1}, (3.16)
and therefore Y (¢) is a semi-Markov process since

Py =j,Jn =t (Yo, To) - - - (Y1, Thm1))
=P, =jlYsr =0 —-qR, 1), (3.17)
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due to the independence between the r.v.’s J; and the chain Y. Therefore the ¢g; ; satisfy the
(backward) renewal equation [15, Chapter 10, formula (5.5)]

qi,j(t) = q(X, 1)d; ; +Zhi,l/0 q,j(s)f,(t — s)ds (3.18)

leS

where £; ; are the elements of the symmetric transition matrix H of the discrete-time chain and

d
fr(t) = o (I —-g®,1). (3.19)

Next we prove that t +— ¢; ;(t) is continuous. Since t — g(A, t) is completely monotone
under (A3), we can write

qr, 1) = / N e‘““M (3.20)
0 w

for some measure m(dw), and hence we also have
o0
fr() =/ e "m(dw) (3.21)
0

and this means that also ¢ > f,(¢) is completely monotone. Then (3.18) yields for any i, j € S
andr,h > 0

|gi.j(t) — qi.;(t + h)|
t

< g0 )= qO t+ M+ | [ Y hisg () (Gt — ) =, +h — 5))ds

0 leS
t+h
T / S hiaqu ()it +h — s)ds
! leS
t h
<qOn0) = qOnt+h)+ / (st — ) = Tt +h — ) ds + f ) ()ds (3.22)
0 0

where we used that |Zleshi,1q1,j(s)‘ < Y jeshii = 1. Then the first and the last terms in (3.22)
go to zero as h — 0+ since t — q(A,t) and ¢ — f;(¢) are completely monotone functions. For
the integral we can use (3.21) to say that

Fst =s)=F,t+h—5)) < f,(t—5) (3.23)

and fol fs(t —s)ds < oo for all ¢+ > 0. Therefore the integral in (3.22) goes to zero as h — 0+
by dominated convergence theorem. For 2 < 0 the argument is similar. Hence ¢t +— ¢; ;(?) is
continuous.

Therefore the ¢; ;(¢), i, j € S, are the unique continuous functions whose Laplace transforms
satisfy (we here use (2.35) and (3.18))

~ f(@)/¢ ~ A
¥ = =5 — hiqr i(p)————. 3.24
Ti@) = =0 Zs NGy (3.24)
Now multiply by f(¢) — A on both sides of (3.24) and subtract g; ;(0) = §; ; to get

f@)i (@) — %%‘, j(0) = =2 (Z (it — G, ,-<¢>>) : (3.25)
leS
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Now multiply by f*(¢) = ¢/f(¢) to get

6719 — 4i.j0) = —Af*(®) (Z Gj @it — T, j(¢>) . (3.26)

leS
By Laplace inversion of (3.25) and (3.26) we have using (2.3) that ¢; ;(¢) satisfies foralli, j € S

t
- [ 46) 0 = )ds = 50, = = (IXquz,,-(mhi.z —q,»,,-a)), 327)
qi,;(0) =4; ;, )
and
d d (' .
E%‘,j(t) = —)»E ; <§ q1,i($)hi; — CIi,j(S)) vi(t — s)ds, (3.28)
q:,;(0) =34; ;. )
Note that the solution to the matrix problem, for A = —A(H — 1),
t
%/0 q(A,s)v(t — s)ds — v(t)q(A,0) = Aq(A, 1), (3.29)
q(A,0)=1,

is a matrix such that each entry satisfy the backward equation (3.27). The backward equation
therefore is proved.

The forward equation follows by (3.13). To verify in this special case, since H is symmetric
then so is H — 1 and the eigenvalues of H — 1 are non-positive since H is a transition matrix.
Therefore we can write as in (3.12)

G ®) = [ s, (3.30)
0
and we know that
—MH —1Dg(—MH —1),t) = g(—A(H — 1), t)(=A\)(H — 1), (3.31)
in view of (3.13). O

If we interpret the i.i.d. r.v.’s J; as waiting times between events in some point process
then the sequence J; is a renewal process and the r.v. 7, is the instant of the nth event. The
process counting the number of events occurred up to a certain time ¢ is the counting process
N"(t) = max {n € N : T, < t}. Clearly if one considers exponentially distributed waiting times
then the corresponding counting process is the Poisson process. When the waiting times are
Mittag-Leffler distributed, i.e., P {J >t} = E,(At*), « € (0,1), A < 0, a particular semi-
Markov model on a graph have been considered in [19,48]. The authors showed that the
governing equation is time-fractional. In general if the i.i.d waiting times J; have finite mean
Wy then one has by a simple argument using the strong law of large numbers that a.s.

. N 1
lim = —, (3.32)
t—00 t ny
and the elementary renewal theorem [2, Proposition 1.4] states that
EN"(t 1
lim @ _ (3.33)

t—00 t o E
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These facts may be interpreted as an equivalence (in the long time behavior) between the Poisson
process and a general renewal process with finite-mean waiting times. Note that (3.32) and (3.33)
means that if IEJ; < oo then as t — 0o we have, a.s., N(t) ~ NP(¢). This heuristically means
that a renewal process with finite mean waiting times is indistinguishable after a “long time”
from the Poisson process. Therefore when you observe the process Y (¢) defined in (A3) with
sojourn times J,, = T,,+1 — T,, having finite mean then, after a transient period it behaves like the
case in which T, — T, are exponential .v.’s.

We have here introduced a class of renewal processes associated with waiting times J such
that P {J > t} = q(A, t) and under (A3) we know that IEJ = oc. Therefore they never behave as
a Poisson process. Corollary 3.1 and Theorem 3.2 implies that the time-changed Markov chain
X (Lf (t)), t > 0, may be equivalently constructed starting from an embedded Markov chain Y,
and by inserting between jumps the heavy-tailed waiting times J;.

In Eq. (3.6) we defined the renewal process Y (¢) that jumps to the state Y,, for the underlying
discrete time Markov process at the arrival time 7, of the renewal process with waiting time
distribution P[J > 1] = g(A, t). Then we have Y (1) = Yyi,, a time change using the renewal
process (3.16). Next we show that the same process can also be constructed by a time change
using the inverse subordinator (2.12).

Proposition 3.3. Let N(t) be a homogeneous Poisson process with rate ¢ = —A. The time-
changed process N (Lf '(t)) and the process N"(t) are the same process. Hence the semi-Markov
process (3.6) is the same process as the time-changed Markov chain Y, N (LS 1)

Proof. This is a consequence of [35, Thm 4.1] since P {J; > t} = q(A, t) for any i and in view
of Theorem 2.1 it is true that g(A, t) = Eer’®. O

3.1. Classification of states

We here investigate whenever a state i is transient or recurrent for the semi-Markov process
Y (¢), by making assumptions on the embedded chain Y,,. We recall that a state i is recurrent if

P (theset {t >0:Y(t) =i} isunbounded | Y(0) =i) = 1, (3.34)
and is transient if the probability in (3.34) is zero. Since we take the probability of a tail event, 0
and 1 are the only possibilities. We have the following result.
Theorem 3.4. Under (A2), (A3), and (A4) it is true that

(1) If the state i is recurrent for Y, then it is recurrent for Y (t)
(2) Ifthe state i is transient for Y, then it is transient for Y (t)
3) fooo qi.i(t)dt = oo independently from the fact that the state i is transient or recurrent.

We recall that g; ;(t) = P{Y(t) =i | Y(0) =i} = P' {Y(t) = i}.

Proof. Note that in view of Proposition 3.3 we can write

Y(t) = Yyioy = Yn(wray)- (3.35)

Since t — o/ (¢) is a.s. right-continuous, unbounded, and strictly increasing, it follows from the
change of variable formula in Meerschaert and Straka [43, p. 1707] that
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L0y ()=idt =/ 1 qdt
A 0 [tz():yN(Lf([)):l}
o
ZV/‘Q ]l{tZOZYN([)=i}de(I)

=) A=y ., ) (3.36)

T <I<Tpy|

where ¢(t) is the Poisson point process underlying the subordinator o/ with characteristic
measure v(s)ds. Note that if the state i is recurrent for Y, then

P (Y, =i for infinitely many n) = 1 (3.37)
and the number of summands in (3.36) is a countable infinity. Furthermore the sequence
Z et) (3.38)
T <t<Ty4|

is a sequence of i.i.d. r.v.’s since e(s) is a Poisson point process. Therefore (3.36) is the sum of a
countable infinity of i.i.d. positive r.v.’s. which diverges with probability one. This proves Item 1.
If instead the state i is transient, then the number of summands in (3.36) is finite, and since our
subordinators are here assumed to be not subject to killing, it is true that forall 0 < f; <, < 00

0< > os) <ooas. (3.39)

11 <s=<tp

and the sum (3.36) is finite since it is the sum of a finite number of finite summands. This proves
2. Observe now that

o0 X o0
/ qi,i(t)dt :]E’/ Ly =iy dt
0 0

>TJ, = (3.40)
and this proves Item 3. [

It is instructive to compare Part (3) of Theorem 3.4 with the well-known characterization of
transient and recurrent states in a semi-Markov process with finite mean waiting time between
jumps, using the occupation measure (or O-potential) [15]. The semi-Markov process is formed
by inserting a random waiting time J; before jumping from state Y;_ to state Y; in the underlying
Markov chain. Hence the number of times the process returns to its starting point is not affected.
Hence the state is recurrent for the semi-Markov process if and only if it is recurrent for the
underlying Markov chain. If the occupation times (waiting times) in each state have a finite mean,
then the total expected occupation time in the starting state is proportional to the number of visits.
This happens if and only if fooo gi.i(t)dt = oo. However, when the waiting times between state
transitions are heavy-tailed with infinite mean, the mean time spent in the starting point by the
process is always infinite.

4. Examples
In this section, we provide some practical examples, to illustrate the application of the results

in this paper.

Example 4.1. Consider a CTRW with i.i.d. particle jumps X, independent of the i.i.d. waiting
times W, . Then a particle arrives at location S(n) = X; +---+ X, attime 7, = W +-- -+ W,.
If E[X,] = 0 and E[Xﬁ] < 00, then n~Y28([nt]) = B(t), a Brownian motion, by Donsker’s



M.M. Meerschaert and B. Toaldo / Stochastic Processes and their Applications 129 (2019) 2850-2879 2873

Theorem [16, Theorem 8.7.5]. If P[W, > ¢] = t’ﬂ/l“(l — B) for some 0 < B < 1, then
n~VPT,, = o/, a B-stable subordinator with Laplace symbol f(¢) = ¢# [41, Theorem 3.41].
The number of jumps by time ¢t > 0is Ny, = max{n > 0 : 7, < t}and a 31mp1e argument
[38, Theorem 3.2] shows that this inverse process has an inverse limit n BN, = L where the

inverse stable subordinator L, is defined by (2.12). Then we have

nPRS(Ny) ~ ()28 - n PNy ~ nP) 7 2S(P L) ~ B(LT),
as n — 0o, see [38, Theorem 4.2] for a rigorous argument. The probability density p(x, ) of
the limit process B(L ) solves the time-fractional diffusion equation (2.13) with C((9;) = Bt R

a Caputo fractional derivative of order 0 < 8 < 1, and A = D3? where D = E[X?]/2, see
[38, Theorem 5.1] and [41, Eq. (1.8)]. Since the Caputo fractional derivative [41, Eq. (2.16)]

aFpix, )= —plx,t —wuPdu

Ira —ﬂ)/ ot

is related to the Riemann—Liouville fractional derivative [41, Eq. (2.17)]

Dfp(x,t)— T ! ~ 5 ;t/ plx,t —u)u~ Pdu
by [41, Eq. (2.33)]

B ! B
Dy p(x, 1) — p(x, O)F(l——ﬁ) =9 p(x, 1), 4.1
we can also write the governing equation (2.13) in the form
=B
Df p(x, 1) — plx, OFg—g = APeD: 4.2)

The Laplace symbol f(¢) = ¢ can be computed directly from (2.1) with a = b = 0
and v(dt) = Bt~#~'dt/I'(1 — B) using integration by parts and the definition of the Gamma
function [41, Proposition 3.10]. Then v(z) = t=# /I'(1 — B) and the operator DI of Toaldo [55]
defined by (2.16) reduces to the Riemann—Liouville fractional derivative. Similarly, the operator
@f of [55] defined by (2.17) reduces to the Caputo fractional derivative. Then the governing
equation (2.73) of Toaldo [55] with g(#) = p(x, t) reduces to (4.2). Since the conjugate Bernstein
function f*(¢) = ¢/f (@) = ¢' =P, the same calculation as for f shows that v*(¢) = tﬂ’l/F(ﬂ),
and then the operator &, of Magdziarz and Schilling [32] defined by (2.22) with M(¢) = v*(¢) is
the Riemann-Liouville fractional integral

I[fp(x, 1) = %,3)/ px, t —wufdu = %’3)/ ple, w)t —u)P'du
0 0

of order 8 [41, p. 250]. Then the governing equation (2.74) of Magdziarz [32] with g(¢) = p(x, t)
reduces to

d 1 d d

—px,t A t =) ds = — AT p(x, 1) 4.3

dtp(x ) = F(,B)dt/ p(x,s)(t —s) s= t p(x, 1) (4.3)
Since %H,ﬂ = ]D>t] 7 we can also write (4.3) in the form

d _ _
P = D, A p(x,t) = AD} P p(x, 1),

which is commonly seen in applications [21,44]. The heuristic derivation of (4.3) is to simply
apply the operator ]D),] 7 10 both sides of (4.2), or the equivalent form 8,‘3 p = Ap, but the initial
condition requires some care.
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Example 4.2. Replacing the iid. jumps X, in Example 4.1 with a convergent triangular
array, we obtain a limit B(L ) where B(t) is an arbitrary Lévy process [40, Theorem 3.6] with
generator A given by the Lévy—Khintchine formula [37, Theorem 3.1.11]. Then all the results
of Example 4.1 hold with A = Dag replaced by this Lévy generator, in R! or in R for any
finite dimension d [40, Theorem 4.1]. The same is true more generally for Markov generators A,
where the jump distribution depends on the current state [28, Theorem 4.2].

Example 4.3. For a CTRW with deterministic particle jumps X, = 1, and the same waiting
times W, as in Example 4.1, we have S(n) = n and the CTRW S(N,) = N, converges to
the inverse stable subordinator: n #N,, = L,f . The probability density /(x, t) of L,f solves
the time-fractional equation (2.13) with C(9;) = 8,’3 and A = —0, [42, Eq. (5.7)]. Several
equivalent governing equations for the inverse stable subordinator L tf are also discussed in [42],
including Eq. (2.73) of Toaldo [55] (see [42, Eq. (5.9)]) and Eq. (2.74) of Magdziarz [32] (see [42,
Eq. (5.18)]) with g(¢) = I(x, t) and A = —0,. In this case, the moment generating function (2.30)
can be written explicitly as g(A, 1) = Eg (At#) in terms of the Mittag-Leffler function

oo

zJ
Eg(z) = —_— 4.4)
! ; T(1+ Bj)
for any A < 0, see Bingham [11]. The function g (A, t) solves (2.27), which can be rewritten in
this case as

DEgG. 1) = Frm gy = M0 0.

or equivalently, using (4.1), as
0 g0 1) = Aq(h, 1).

That is, the moment generating function of the inverse stable subordinator is an eigenfunction of
the Caputo fractional derivative. The function g(4, t) also solves (2.28), which can be rewritten
in this case as

d _
40,0 = AD Pqn, 0.

Here f(¢) = ¢ varies regularly at zero with index B, v(t) = t~#/I'(1 — B) varies regularly at
infinity with index —g, and Item (4) of Theorem 2.1 shows that t — ¢g(A, ¢) also varies regularly
at infinity with index — B8, with g(A, t) ~ At #/r(1 — B) ast — oo, compare Scalas [51,
Eq. (24)]. The potential measure U of (dt) has Laplace-Stieltjes transform 1/f(¢) = ¢~F [53,
Eq. (5.12)], and inverting [41, Eq. (2.25)] shows that (2.10) holds with ¢ = 0 and u,r(t) =
tA=1/I'(B). Then it follows from [53, Thm 10.3] that f is a special Bernstein function. In fact
F*(¢) = ¢' P from (2.5) with a* = b* = 0 and v*(dt) = (1 — B)t#P~2dt/I'(B) concentrated on
t > 0. Note also that [53, Eq. (10.9)] u,r(¢) = v*(¢).

Example 4.4. Let v(dt) = ft—P~le~“'dt/I'(1 — B) for some 0 < B < 1 and ¢ > 0 and compute
f(p)=cP + f (1—e?)vdt) = (¢ +0)f (4.5)
0

using integration by parts, compare [41, Eq. (7.9)]. Then a,f isa tempered stable subordina-
tor [41, Section 7.2] killed at rate c?: If D(¢) is a tempered stable subordinator with E[e—sP0] =
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exp[—t{(¢ + c) — cf}] and S is an exponential random variable independent of D(¢) with
P[S > t] = exp[—cﬂt], then we can let

r_ | D@, ift <8,
7 oo, ift > S,

and it is easy to check that f is the Laplace symbol of this process. Now

U(t) = a+v(t,00) = f + F(IL_ﬂ)/toosﬂle”ds (4.6)

involves the incomplete Gamma function, which cannot be written in closed form. It is well
known that ¢#7(¢) is the Laplace transform of Df u(t) [41, p. 39]. Using the shift property
(¢ + ¢) = Lle “u(r)] twice, it follows that the tempered fractional derivative ]D);6 “u(t) =
e’”]]])f(e”u(t)) has Laplace symbol f,i.e., L:[]D)f’cu(t)] = (¢ +)Pu(9), see [41, p.209]. If u, u’
are in L'(R) then one can write the tempered fractional derivative explicitly as [36, Theorem 2.9]
B ! f(t) - f(”) —c(t “)du

ra-p)J o @—uwft

It follows from (2.18) that D/ u(r) = ID)? ““u(t), and hence the governing equation (2.73) of Toaldo
can be written in the form

Df“g(t) — D(1)g(0) = Ag(0).
Recall that L[t#~1/I'(B)] = ¢~#, and use the shift property again, along with (2.23), to see that

DECur) = o £ (1) +

M) =L@+ 1= Tﬂ),ﬂ et

Then the operator @, of Magdziarz and Schilling [32] defined by (2.22) can be written as

Pou(t) = u(M(t — s)ds = %Hf’”u(r),

dtf(ﬁ)/

where the tempered fractional integral [36] given by

l t
*“u(t) == —/ ut — s)sP e ds,
' I'B) Jo
appears. Hence the governing equation (2.74) of Magdziarz and Schilling [32] reduces to

t
ig( 1) = %ﬂ)%/ Ag(t —s)sP e ds = %A 17 g(1). .7
The potential measure U of (dt) has LaplaceStieltjes transform 1/f(¢) = (¢ + ¢)~? [53,
Eq. (5.12)], and inverting shows that (2.10) holds with ¢ = 0 and u,s(r) = M() = v*(t) =
tA=le=¢" /T(B). Then it follows from [53, Thm 10.3] that f is a special Bernstein function. It is
easy to check that f(¢) = (¢ + c)? varies regularly at zero with index 8§ = 0, and then Item (4)
of Theorem 2.1 shows that both v(¢) and t > g (A, t) are slowly varying at infinity.

Example 4.5. The (unkilled) tempered stable subordinator D(¢) related to the Bernstein function
(c + ¢)? — ¢# is also included in our framework. The Lévy density in this case is

o) = prF-te=t p —et /OO —stid (4.8)
T Ta-p Ta-p° S ° Ta+p™ '
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Since (4.8) is the product of two completely monotone functions, it is completely monotone
[53, Corollary 1.6]. This means that
o0 —p—1,—ct
4 Pt B-le
¢.—>(¢+c)ﬁ—cﬂ=f l—e ) —» —dt (4.9)
0 ( ) ra—p
is a complete Bernstein function by [53, Def 6.1] and therefore it is also special by [53, Prop 7.1].
The tail of the Lévy measure here is similar to (4.6), but without the constant term:

b(1) = F(%ﬁ) /t Oos—ﬂ—'e-”ds. (4.10)
Now (2.23) becomes
M) = £ [((c +o)f — cf‘)“] ), @.11)

which seems difficult to invert in closed form. Since a* = 0 in view of (2.6), we get from (2.11)
that

V(1) = (1, 00) = uys (1) (4.12)
where u, () is the potential density of the tempered stable subordinator. Since f is special, its

conjugate f*(¢) = ¢[(¢ + ¢)f — cP17! is the Laplace symbol of some subordinator o*(z).

Example 4.6. Distributed order fractional derivatives are also included in our framework. Let
(0,1) > y = «(y) be a function strictly between zero and one and let p(-) be a measure on
(0, 1). Choose «(y) and p in such a way that, for s > 0, it is true that

—a(y)—1
/(s/\l)/ s Ty ds

I'(—a(y)
INCLE) L
/ / (s A F(l 20)) ds p(dy) < oo. 4.13)
Under (4.13)
Pa(y)s 0!
= - pd 4.14
v(s) /O Tty (4.14)

is a Lévy density and therefore
o) 1
f@) = / (1—e7?) v(ds) = / ¢ p(dy) (4.15)
0 0

is a Bernstein function. The operator @,f ' corresponding to (4.15) may be viewed as a distributed
order fractional derivative [56, Remark 4.3] since here

1 §7eW)
v(s) = —p(d 4.16
v(s) fo T _a(y))p( y) (4.16)
and therefore
o/ u(t)
—8) a(y) J d 0 W) 4

——/ u(s) ; F(l (y))l?( y) S—M()/ mp( y)

d (o

— a(y) — I —
—/0 F(l—a(y))dtf u(s)(t —s)"*ds p(dy) u(O)f T —aly) p(dy)
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)

() _ _
/D u(t)p(dy) M(O)/ T —aly) p(dy). (4.17)

The traditional form of the distributed order derivative is the special case «(y) = y. Now note
that the function ¢t — =% is completely monotone for each fixed y since it is the Laplace
transform of the measure s*®~!ds/I'(a(y)). Therefore, when a(y) and p(-) are such that (4.13)
is fulfilled, also the function

1 seO=1
"”::A Fﬂ—wﬂw)/‘ Ty 4 P@n)

a()) 1
/ /,Fu—awnfm@»pu”ds (-18)

is completely monotone. Therefore (4.18) is the tail of a Lévy measure with a completely
monotone density by Remark 2.2. This implies that f is a complete Bernstein function [53,
Def 6.1] and therefore it is also special [53, Prop. 7.1]. Hence

. ¢
f@)= 4——— (4.19)
Jo 9% p(dy)
is a (special) Bernstein function, and there exists a subordinator o*(¢) with Fourier symbol f*.
From (2.11) we have

V(1) = v*(t, 00) = usr(t), (4.20)

where u,»(t) is the potential density of the subordinator with Laplace exponent (4.15). Then
observe that Items (1), (2) and (3) of Theorem 2.1 apply to this case. In particular Item (3) here is
in accordance with [25, Thm 2.3]. Item (4) applies if p and « are such that f(¢) = fol ¢“Y p(dy)
is regularly varying at 0+. For example, if «(y) = y and p(dy) = po(y)dy where py is regularly
varying at zero with some index y > —1, then f is slowly varying [39, Lemma 3.1], and hence
v(¢) and g (X, t) are slowly varying at t = oo. This is a model for ultraslow diffusion [39] where
a plume of particles spreads at a logarithmic rate in time. Here the kernel of Magdziarz and
Schilling [32] can be computed from

M@t = £7! 4.21)

1
[fol ¢"<»V)p(dy)} (t)

In the special case f(¢) = p1¢®1 + pr¢?2 (retarding subdiffusion) one can write

— Pt p,—
M) = py 12 Egypy gy <—Efﬂ2 ﬁ‘)’

where the two parameter Mittag-Leffler function

x n

<
E = E _—,
@ = I'(sn+1)
compare Chechkin et al. [14, Eq. (16)].
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