Journal of Theoretical Probability
https://doi.org/10.1007/s10959-021-01087-4

®

Check for
updates

Non-local Solvable Birth—-Death Processes

Giacomo Ascione' - Nikolai Leonenko? - Enrica Pirozzi'

Received: 8 October 2020 / Revised: 9 February 2021 / Accepted: 3 March 2021
© The Author(s) 2021

Abstract

In this paper, we study strong solutions of some non-local difference—differential
equations linked to a class of birth—death processes arising as discrete approximations
of Pearson diffusions by means of a spectral decomposition in terms of orthogonal
polynomials and eigenfunctions of some non-local derivatives. Moreover, we give
a stochastic representation of such solutions in terms of time-changed birth—death
processes and study their invariant and their limit distribution. Finally, we describe
the correlation structure of the aforementioned time-changed birth—death processes.
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1 Introduction

Birth—death processes constitute a fundamental class of continuous-time Markov chain
that are widely used in applications such as, for instance, evolutionary dynamics [39]
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and queueing theory [26]. In particular, one can achieve a complete characterization
of birth—death processes by families of classical orthogonal polynomials of discrete
variable. This theory, linked to the solution of the Stieltjes moment problem, has been
widely studied by Karlin and McGregor in their seminal papers [22,25].

As birth—death processes are linked to difference—differential equations, frac-
tionalization of such processes can be used to study the solutions of fractional
difference—differential equations. Indeed, with this idea in mind, a fractional version
of the Poisson process has been introduced in [10,11] and fractional versions of some
birth—death processes, for instance, in [40—42].

In the case of Pearson diffusions, one can use a spectral approach to study strong
solutions of fractional backward and forward Kolmogorov equations and, at the same
time, define the fractional Pearson diffusions by means of a time-change via an inverse
stable subordinator (see, for instance, [31-33]). The same approach has been used to
study the case of fractional immigration-death processes in [8]. Let us also stress out
that this approach can be used to study a fractional M /M /oo queue or a fractional
M /M /1 queue with acceleration of service (for some models of fractional queues, we
refer to [6,7,17]).

However, one could consider a time-change with a different inverse subordinator.
In such case, in place of the fractional derivative in time, one obtains a more general
non-local operator. Such kind of operators have been introduced in [27] for the class of
complete Bernstein functions and extended in [49] for any Bernstein function. A first
step towards the theory of general time-changed Pearson diffusions has been achieved
in [20].

In this work, we describe a general theory for non-local solvable birth—death pro-
cesses in terms of orthogonal polynomials, where such processes are defined by means
of a time-change with a general inverse subordinator. In particular, we focus on the
strong solutions of general non-local backward and forward Kolmogorov equations
associated to such processes and on the stochastic representation of such solutions. In
particular, the paper is structured as follows:

In Sect. 2 we introduce the theory of solvable birth—death processes as discrete
approximations of Pearson diffusions and we state the main hypotheses we need
on the starting birth—death process;

— In Sect. 3 we give some preliminaries on inverse subordinators and non-local time
derivatives. In particular we focus on the eigenvalue equation for such derivatives
and on some upper bounds for the eigenfunctions. Let us stress out that some prop-
erties of such eigenfunctions are expressed in [27,28] in the complete Bernstein
case, in [36] in the special case and in [4] in the general case. Moreover, a series
expansion in terms of convolutions of potential densities in the special Bernstein
case is obtained in [4];

— In Sect. 4 we focus on the spectral decomposition of the strong solutions of
non-local forward and backward Kolmogorov equations in terms of orthogonal
polynomials of discrete variable and eigenfunctions of the non-local time deriva-
tives;

— In Sect. 5 we introduce the time-changed birth—death processes and we study the

stochastic representation of the aforementioned strong solutions in terms of such
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processes. In particular we obtain that the time-changed process still admits the
same invariant measure that is also the limit measure for any starting distribution;
— Finally, in Sect. 6 we study the correlation structure of the time-changed birth—
death processes in terms of the potential measure of the involved subordinator
and the eigenfunctions of the non-local time derivatives. In particular, the non-
stationarity of the process is evident in the expression of the covariance, thus, to
give some information on the memory of the process, we have to refer to a non-
stationary extension of the definition of long-range and short-range dependence
suggested by the necessary conditions given in [12, Lemmas 2.1 and 2.2].

2 Solvable Birth-Death Processes

Let us fix a filtered space (£2, {F:};cr+,P) and consider a Birth—-Death process
{N(t),t > 0} on it. Let us denote by E C Z its state space, that will be finite or
at most countable. In particular we can always suppose that E C Ny and is a seg-
ment, i.e. for any ny,ny € E andn € Ny such thatny < n < npitholdsn € E,
with min £ = 0. For a Birth—Death process N (¢) we can consider the semigroup
T, : f €ebr—= T, f(y) = E,[f(N(2))] where b is a suitable Banach sequence space
containing co (i.e. the space of infinitesimal sequences) whenever £ = Ny, while
b = RIFlif E is finite. Since we will consider Birth-Death processes with a stationary
measure m, we will always set b = £2(m) (which is equivalent to RIE!if E is finite).
Let us recall that the generator G of a Birth—Death process can be always expressed as

Gfx) = (b(x) —dx)VT f(x) +d(x)Af(x), x€E,

where d(x) are the death rates, b(x) are the birth rates (recalling that d, b must be
non-negative in E), V* are the first-order forward and backward finite differences
defined as

Vif@) = fax+1)—f) Vifx) =/ - fx—=1

and A is the second-order central finite difference

Af@) = fx+ 1) =2f(0)+ flx=1) =V V).

Let us stress out that G is actually a tridiagonal matrix, possibly infinite if £ = Np.
Moreover, as T} is defined on ¢2(m), also the generator G admits £2(m) as domain.

Here we want to introduce some birth—death version of Pearson diffusions (see, for
instance, [32]). To do this, we refer to the theory of birth—death polynomials, whose
main papers are [22,25].

Definition 1 We say the process N () is solvable if

— N(¢) is irreducible and recurrent;
— the spectrum of G is purely discrete with non-positive eigenvalues (A,),cg such
that Ao = 0and A, < O forany n > 1;
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— its eigenfunctions (P,),cg are classical orthogonal polynomials of discrete vari-
able with orthogonality measure m which is the invariant and stationary measure
of N(t);

— the function m(x) = m({x}) solves the following discrete Pearson equation:

VA Om)(x) = (b(x) — d(x))m(x) ey

— d(-) is a polynomial of degree at most 2 and b(-) — d(-) is a polynomial of degree
at most 1.

Concerning solvable birth—death processes, they arise as lattice approximations of
Pearson diffusions. In particular, one has in such case

an =nVE(b() —d(-)(x) + %n(n — DAd(x).

Concerning classical orthogonal polynomials of discrete variable, we mainly refer to
[38,46]. Their orthogonality relation is expressed as

> Pu@)Pu(x)m(x) =038y m.  n.meE

xeE

where 6, , is Kronecker delta symbol. In particular one obtains that || P, || 2m) = 0

and then we can introduce the normalized polynomials as Q,(x) = L (x) , such that
ZQn(x)Qm(x)m(x) :(Sn,ma n,mekE.
xeE

On the other hand, the function 7(n) = = defines a measure on E. Thus, by

proceeding with a Gram-Schmidt orthogonahzatlon procedure on_the monomials
(1,x,x%,---), we can define a family of orthogonal polynomials P (x) that satis-

fies the following orthogonality condition

D Pu(x) Py ()i (x) =

xeE

n,mekE.

1
—_— 8w,
m(n) nm

The family of polynomials (ﬁ,,),,e g is called the dual family of (P,),cE, see [38]. Let
us give some examples:

— Immigration-death processes (see [2]) are defined by a constant birth rate b and
a linear death rate d(x) = dx. In such case the invariant measure is given by the
Poisson distribution m(x) = e pp for x € N, where p = 5. The orthogonal
polynomials are Charlier polynomlals of parameter p, that we denote by P,(x) =
C, (x; p) and they satisfy the self-duality relation

Py(x) = Py(n) (2)
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and the eigenvalues are given by A, = —bn. In particular the polynomials P,
coincide with the family of dual orthogonal polynomials P,,. This kind of process
arises as a lattice approximation of the Ornstein-Uhlenbeck process.

— Let us consider a linear death rate d(x) = dx and a linear birth rate b(x) =
(x + B)b,with b, d, B > 0 and b < d. In such case the birth death process admits
state space £ = N and the generator is given by

G=Bb+ (B —-d)x)VT +dxA.

Defining p = 3, we have that the orthogonal polynomials are Meixner polynomials
of parameters p and B, that we denote by P,(x) = M,(x; p, B) and they are
orthogonal with respect to the invariant measure

_ (B)xp*

where (8)y = r I(fi;)x ), which is a Pascal (or negative binomial) distribution of
parameters 8 and p. Also Meixner polynomials satisfy the self-duality relation (2)
and coincide with their dual polynomials. Finally, let us observe that the eigen-
values are given by A, = —(d — b)n. This process is called the Meixner process
and arises as lattice approximation of the Cox-Ingersoll-Ross process. Meixner
processes are discussed for instance in [23].

— Another case is given by a linear death rate d(x) = dx and a linear decreasing
birth rate b(x) = (N —x)b with b, d > 0and N € N. In such case the birth—death
process admits finite state space E = {0, ..., N} and the generator is given by

G=(Nb—(b+d)x)VT +dxA.

Defining p = ﬁ and g = 1 — p, we achieve the invariant distribution given by

N
m(x) = ( )quNx
X

which is a Binomial distribution over E. The orthogonal polynomials are
Krawtchouk polynomials of parameters N and p, that we denote by P,(x) =
K, (x; N, p) and satisfy the self-duality relation (2). The eigenvalues of the genera-
tor are given by A, = —n(b+d). Letus recall that this is actually a time-continuous
version of the Ehrenfest urn model (see, for instance, [24]).

— Another interesting case is given by a quadratic one. Indeed let us consider for
somed >0anda, B, N € N

dx)=dx(N+B8+1—x) bx) =d[N(oz+1)~|—x(N—1—a)—x2].
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Let us observe that b(N) = 0, thus the state space of the process is given by
E ={0, ..., N}. Moreover, its generator is given by

G=d(Na+1)—B+a+2)x)VT +dx(N+B+1—x)A

with eigenvalues
A = —dnn+1+a+ Bl

The invariant measure of this birth—death process is an hypergeometric distribution

on E given by SN
o+ x +N —Xx
o= ()

and the orthogonal polynomials are the Hahn polynomials, that we denote by
P,(x) = H,(x; a, B, N). In this case we do not have self-duality relation, but the
family of dual Hahn polynomials, that we denote by ﬁn (x) = Ry(x;a, B, N), is
linked to the Hahn polynomials by the relation

Hn(X;a, ,3’ N) = Rx(n(n+a+ﬁ+ 1),(1, ﬂvN)

This particular birth—death process is a lattice approximation of the Jacobi process.
For such process, we refer directly to [46].

In the examples we have not only the lattice approximations of the light-tailed Pearson
diffusions, but also another process, which is the continuous-time Ehrenfest urn pro-
cess. Hence, we can observe that with the definition of solvable birth—death process
we do not only cover these lattice approximations, but we also gain some other birth—
death processes that are not covered in the theory of light-tailed Pearson diffusions
(see [32,33)).

Let us also recall that if we consider the matrix p(t) = (p(¢, x; ¥))x,yeg Where
pt,x;y) =P(N(t +s) = x|N(s) = y) is the transition probability function, then
p(t) solves both the so-called backward and forward equations (see [46])

pt)y=G-p() p't)y=p@)-G.

In particular we can consider the adjoint operator £ of G (still defined on £%2(m)) such
that p’(r) = Lp(t). For this reason, we refer to £ as the forward operator. Let us
observe that for a birth—death process N (¢) the forward operator £ is defined as

Lfx)==V"((b()—=d)f(NX)+ AU f())x).

Moreover, let us observe that £ can be considered as a (possibly infinite) tridiagonal
matrix such that p/(1) = £ - p(t)! where with t we denote the transpose. Now let us
show what the orthogonal polynomials P, (x) represent for the forward operator.

Lemma 1 Let N(t) be a solvable birth—death process with forward operator L, invari-
ant measure m and associated family of orthonormal polynomials Q,(x). Then we
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have for any n € E and any x € E,

LmQp)(x) = m(x)Ay Qn(x).

Proof We have, recalling that A = V~V7 and that V~ is a linear operator,

LmQp)(x) ==V~ ((b —d)ymQpn)(x) + Aldm Qp)(x)
=V [=(b—d)mQ, + V (dmQ,)](x).

Now, by discrete Leibniz rule on V™, denoting J(x) =dx+1Dandm =m(x+1),
we have

L Q) (x) =V [=(b —dymQ, + 0,V (dm) +dmV* Q,1(x)
=V [Qu(—(b — d)mQ, + VT (dm)) + dmV*Q,]1(x)
=V (diV' Q) ().

Now let us use again Leibniz rule on V™ to achieve
Lm Q) (x) = d(x)m(x)AQy(x) + VT 0, (x)V™ (dilh) (x).
Now let us work with V— (67%) (x). We have
V_(gﬁ)(x) =dx+Dmx+1)—dx)m(x).
However, by the discrete Pearson equation (1) we obtain
dix +Dm(x +1) —dx)m(x) = (b(x) — d(x))m(x)

and then we have B
V= (dm)(x) = (b(x) — d(x))m(x).

Hence, we achieve

LM QOy)(x) = mx)[(b(x) —d(x))VT Qn(x) +d(x)AQn(x)]
=mx)GQ0,(x) =m(x)x, 0, (x),

concluding the proof. O

Thus we have, as a consequence of the discrete Pearson equation, the discrete version of
the spectral decomposition for parabolic problems with the generator and the forward
operator of a light-tailed Pearson diffusion (which is a direct consequence of the
results in [22] once we notice that in our case the spectral measure coincides with the
stationary one):
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Theorem 1 Let N(t) be a solvable birth—death process with state space E, generator
G, forward operator L, invariant measure m and family of associated orthonormal
polynomials (Qn)nek. Then the following assertions hold true:

— The transition probability function p(t,x;y) = P(N(t 4+ s) = x|N(s) = y) for
x,y € Eandt,s > 0 admit the following spectral representation:

pt.x;y) =mx) Y e 0n(x) Qn(y)

nek

foranyx,y € Eandt > 0.
- Ifge £2(m) with glx) = ZneE 8n On(x) then the strong solution of the Cauchy
problem

Y@, y)=Gut,y) 1=0,yeE
u,y) =g yEE
is given by
u(t,y) =y g€ Qu(y) =Y plt, x; y)g(x).

nek xeE

In particular p(t, x; y) is the fundamental solution of ‘é—’;(t, y) = Gu(t,y) and u
admits the stochastic interpretation:

u(t,y) =Ey[g(N(1))]

where Ey[-] = E[-|N(0) = y].
— If f/m € £*(m) with n’;g; =Y ek fnOn(x) the strong solution of the Cauchy
problem

g—?(f,x) =Lu(t,x) t>0,x € E
v(0,x) = f(x) xeE

is given by

v(t, x) =mx) Y fue™ Qu(x) =Y p(t, x5 ) f ().

nek yeE

In particular p(t, x; y) is the fundamental solution of%(t, x) = Lv(t, x) and, if
S =0with || fllp = 1, v admits the stochastic interpretation:

v(t,x) =Pr(N(E) =x)
where P ¢ is the probability measure obtained by conditioning with respect to the

fact that N (0) admits distribution f.

From this theorem, it is easy to determine the covariance of any solvable birth—death
process in its stationary form. First of all, let us observe that the stationary version of
N () admits moments of any order. This is obvious if E is finite. To show this when
E = Ny, let us first show the following Proposition.
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Proposition 1 Ler N(t) be a solvable birth—death process with invariant measure m
and state space E = Ny. Then there exists a constant p < 1 and a state xo € E such
that for any x > xq it holds

m(x) < p*Om(xo) (3)

Proof First of all, let us observe that since b(x) and d(x) are polynomials, then
limy - 4o % always exists. Moreover, we can rewrite the discrete Pearson equa-
tion as

b(x)

Thus, we have that m is well defined if and only if

+o0 X b(k)
Z H dk + 1)

x=1k=0

It is easy to see that such condition implies limy_, 40 d(x(j-)l)
_b(x)

limy_, 4 IGI0 = = 1. This could happen only if b(x) and d(x) are polynomials of
the same degree and with the same director coefficient. However, if b(x) and d(x) are
polynomials of degree at most 1, then A,, = O for any n > 1, that is absurd. Thus, we
have that b(x) and d(x) are polynomials of degree 2. However, since A, < 0 for any
n > 1, it follows that the coefficient director of d(x) must be negative. However, this
means that for x big enough it holds d(x) < 0, which is absurd. Thus, we conclude
that

< 1. Let us suppose

b(x)

lim ———=I/<1
x—+oo d(x + 1)

Now let us consider p € (I, 1). Then there exists a state xo € E such that d?x(i)l) <p

as x > xg. Thus, we have

mx+1) < pm(x)

forany x > x¢.Finally, the assertion follows from the previous inequality by induction.
O

As a direct consequence of the previous proposition we obtain

Corollary 1 Let N(t) be a solvable birth—death process with invariant distribution m
such that N (0) admits m as distribution. Then N (t) admits moments of any order.

Now we can focus on the autocovariance function of the process N (¢).

Corollary 2 Let N(t) be a solvable birth—death process with invariant measure m.
Then there exists a constant a; € R such that, for any t,s > 0

Covy(N(1), N(s)) = a1l =5,
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Proof First of all let us recall that the stationary version of N (¢) admits moments of
any order, thus in particular also second-order moments and then the autocovariance
is well-defined. Since we are supposing that N (¢) is stationary, we have, forany ¢t > s,

Covp (N (1), N(s)) = Covpu(N (1 — s)N(0))

Thus, let us consider + > 0 and let us evaluate Cov,, (N (t), N(0)). To do this, let us
rewrite

Covn(N (1), N(0)) = Eu[N ()N (0)] — Ey[N()]E,[N (0)]
= E,[N()N ()] — E,[N(0)].

Now let us first evaluate £, [ N (¢)]. Since m admits second moment then ¢(x) = x is
in £2(m). Moreover, since deg(t(x)) = 1, it can be written as a linear combination of
Qo = 1 and Q. Let then

t(x) = ap + a1 Q1(x).

By the previous theorem we have that
Ec[N(1)] = ap + are"' Q1(x)

(recalling that Ao = O for any solvable birth—death process). Starting from this obser-
vation, we have that

EnNON©)] =Y xm0EJAN®] = ao Yy xm(x) +are™" Y xm(x)Qi(x).

xeE xeE xeE

As we stated before, we can write x = ag + a1 Q1(x), thus we have

En[N(ON ()] =aj Y m(x) +aoar Y _ QoQ1(x)m(x)

xeE xeE

+agare!' Yy Qom(x)Q1(x) +aje™! Y m(x) Q7 (x).

xeE xeE

By using the orthonormality relation we have
En[N(t)N(0)] = aj + ale.
Now let us evaluate [E,,[ N (0)]. We have

En[NO)] =) xmx)=ao+a y_ Qi(x)m(x)

xeE xeE

=ap+a1 Y QoQ1(x)m(x) = a.

xeE
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We finally achieve
Covp(N(1), N(0)) = ale!!

concluding the proof. O

2.1 Classification of Solvable Birth-Death Processes

We can actually improve the result in Proposition 1 by obtaining a complete classifi-
cation of solvable birth—death processes. Indeed we have the following Proposition.

Proposition2 Ler N(t) be a solvable birth—death process with state space E. Then
one of the following statements holds true:

— E is finite;
— N(t) is an immigration-death process;
— N(t) is a Meixner process.

In particular, if (Py)nek is the family of orthogonal polynomials associated to N (t),
then either E is finite or (Py)ncE coincide with its dual family and P,(x) = Py(n) for
any x,n € E.

Proof First of all, suppose E = Np. Then we have limy_, 4o % < 1. In particular
this implies that degb < degd. If degd = 0, then also degb = 0 and in such case
An = Oforany n € N, which is absurd. Thus, degd = 1, 2. However, we have already
seen that if degd = 2, then, since A, < 0 for any n > 1, the director coefficient of d
must be negative and this is a contradiction with the fact that d is non negative on E.
Thus, we conclude that if E = Ny, then degd = 1. Moreover, arguing as before, we
know that the director coefficient of d must be positive (since if it is negative then d is
negative for big values of x € E) and, being also d(0) = 0, it must hold d (x) = dx for
some d > 0. Now let us consider b. Since we want E = Ny, arguing as we did with d,
we need the director coefficient of » to be positive. Hence, we have two possibilities:

— degb = 0, thus b > 0 is constant and we get an immigration-death process;
— degb = 1, thus b(x) = b(x + B) for some b, B > 0 and then we get a Meixner

process (since also b < d by the condition limy_, 4 % = g < 1.

This concludes the proof. O

As we can see from the previous Proposition, we already discussed as examples the
unique two cases in which the state space is countably infinite, that are actually the
ones for which the proof of the main results (that will follow) are more articulated.
Let us also observe some other particular properties concerning the classification of
solvable birth—death processes:

— In the class of solvable birth—death processes we have lattice approximations of
Pearson diffusions of first spectral category. Pearson diffusions are statistically
tractable diffusions (see [19]), however, their spectral behaviour can be distin-
guished in three different classes (see [33]). The first spectral class (the one that
contains Pearson diffusions whose generators admit purely discrete spectrum) is
composed of the Ornstein-Uhlenbeck, Cox-Ingersoll-Ross and Jacobi diffusions.
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These diffusions are approximated, respectively, by immigration-death, Meixner
and Hahn birth—death processes;

— However, we do not obtain the analogous of Pearson diffusions of the second
spectral category: this is due to the fact that to obtain these, we need d(x) to
be a polynomial of degree 2 and with positive director coefficient, which goes in
contradiction with the request that the spectrum of the generator of a solvable birth—
death process is purely discrete and non-positive together with the fact that the state
space is infinite. However, if we reduce the state space to a finite segment of Ny, we
can still cover these cases, in which d (x) admits discriminant A > O and d(0) = 0,
by asking that b(x) admits the firstroot xg € Nand E = {0, ..., xp}. If A > O we
also have to ask that the other root of d(x) is negative. In any case, these lattice
schemes do not approximate reciprocal Gamma and Fisher-Snedecor diffusions
in the support of their invariant measure, but they still provide, in some cases, an
approximation scheme for the backward and forward Kolmogorov equations in a
subset of the full support;

— Even considering a finite segment in Ny, we cannot approximate by a solvable
birth—death process the Student distribution, which belongs to the third spectral
category: this is due to the fact that to achieve this approximation, d(x) must be
a polynomial of degree 2, with positive director coefficient and negative discrim-
inant, which is in contradiction with the condition d(0) = 0;

— We also get some birth—death processes that are not actual lattice approximation
of any Pearson diffusion, such as in the Ehrenfest process case, whose state space
is finite but d(x) is a polynomial of degree 1.

— In particular, let us notice that for any solvable birth—death processes N (¢) such
that the polynomial b(x — 1) — d(x) is of degree 1, the invariant measure m is in
the Ord family (see [21]). Indeed if deg(b) = deg(d) = 2, we can suppose that
(since d(0) = 0)

d(x) =ax® +dix, b(x) =ax>+byx + bo.

By using the relation m(x — 1) = b(‘i(f )l)m(x) and setting

o~ o~ a—b +b:
k=2G+d b azak#,
314-5 a
bo = 0. by = , by =2
0 1 k 2 X

where k # 0 since it is the director coefficient of the first degree polynomial
b(x — 1) — d(x), we get the equation

Vim(x—1) a—x
m(x)  (a+bo)+ (by — Dx +byx(x — 1)

“)

@ Springer



Journal of Theoretical Probability

which is the characterizing equation of the Ord family.
If deg(d) = deg(b) = 1, then we can suppose that

d(x) = gl]x, b(x) = Elx + I;o.

To have deg(b(x — 1) —d(x)) = 1, we need c71 #* 171. Thus, setting

~ bo — b
k=dy —b #0, a=—"-",
k
by
by =0, by = —, by =0,
k
we still get Eq. (4). In particular we get the form
Vimx —1) a—x
= )
m(x) a—+ (b — Dx

which is the characterizing equation of the Katz family. Finally, last case is
deg(d) = 1 and deg(b) = 0, that is to say

d(x) =dix  b(x)=bhy

in which the substitution that leads to Eq. (4) is given by

~ b
k=d, a=-2
k

bg =0, b =1, by =0.

Even in this case we are actually in the Katz family. Finally, let us observe that in
such case the state space has to be infinite (since b(x) = 30 > 0) and then we are
considering an immigration-death process (and the invariant measure is a Poisson
measure). In particular we cover all the distributions of the Katz family (see [21]).

— Itis also interesting to see that we cover the Poisson, Binomial, Negative Binomial
and Hypergeometric invariant distribution cases, which are all in the cumulative
Ord family (see [1]).

3 Inverse Subordinators and Non-local Convolution Derivatives

Now let us introduce our main object of study. Let us denote by BF the convex cone
of Bernstein functions, that is to say @ € BF if and only if ® € C®(R*), @ (1) > 0
and forany n € N

d'o

S

() =0.
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In particular it is known that for @ € BF the following Lévy-Khintchine representa-
tion ([45]) is given

400
d(1) =a+b/\+/ (1 — e yu(dr) (6)
0
where a, b > 0 and v is a Lévy measure on R* such that

+00
/ (1 A H)v(dt) < +o0. 7
0

The triple (a, b, v) is called the Lévy triple of @. Also the vice versa can be shown,
i.e. for any Lévy triple (a, b, v) such that v is a Lévy measure satisfying the integral
condition (7) there exists a unique Bernstein function @ such that Eq. (6) holds. In the
rest of the paper, we suppose that a = b = 0 and v(0, +00) = +o0. It is also known
(see [45]) that for each Bernstein function @ € BF there exists a unique subordinator
op = {oep(y),y > 0} (i. e. an increasing Lévy process) such that

E[e 00 0] = o9,

For general notion on subordinators we refer to [13, Chapter 3] and [14]. In particular
the hypothesis b = 0 ensure that o is a pure jump process, a = 0 implies that it is
not killed and v(0, +00) = 400 implies that o is strictly increasing (a. s.).

Let us now fix our Bernstein function @ and its associated subordinator ogp. Now
we can define the inverse subordinator E¢ as, for any t > 0

Ep(t) :=inf{y > 0: op(y) > t}.

Under our hypotheses, we have that E¢ (¢) is absolutely continuous for any ¢ > 0 and
its sample paths are almost surely continuous. Let us denote by fg (s; 7) its density
(see [34]). Let us recall (see [34]) that, denoting by 7¢ (s; A) the Laplace transform
of fo(s; t) with respect to z,

Fate ) = 28 o0

Now let us introduce the non-local convolution derivatives (of Caputo type) associated
with @. Indeed, for @ identified by the Lévy triple (0, 0, v), let us define the Lévy tail
v(t) = v(t, +00). Now let us recall the definition of non-local convolution derivative,
defined in [27,49].

Definition 2 Let f : R* — R be an absolutely continuous function. Then we define
the non-local convolution derivative induced by @ of f as

@

dr®

t
f@ :/o (@Ot — v)dr. ®)
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Let us observe that one can define also the regularized version of the non-local con-
volution derivative as

d® d ! _
dt—¢f(t) = 5/0 (f(r) = fFOH)V(t — 7)dT 9)

observing that it coincides with the previous definition on absolutely continuous func-
tions. Here we will always consider the regularized form (9).

It can be shown, by Laplace transform arguments (see, for instance [4,28]) or by
Green functions arguments (see [29]), that the (eigenvalue) Cauchy problem

%w(t; A =Aep(t;A) >0
ep(0;4) =1

admits a unique solution for any A > 0 and it is given by e (t; 1) := E[e*F2(®)]
(hence, in particular, it is a completely monotone function in A for fixed ¢). Let us
recall that if @ (L) = A% for o € (0, 1), then v(¢) = % and % coincides with
the fractional Caputo derivative of order «. In particular this means that in this case
e (t; M) = Ey(At%) where E,, is the one-parameter Mittag-Leffler function defined,
fort € Ras

+oo tk
Ea) =) Tak+1)
k=0
Let us recall (see [48]) that
Eq(—21t%) < : o
L+ rra

hence it is not difficult to show the following Proposition.

Proposition 3 For any A > 0 it holds

'+ow)
AEq(—At%) < —

The proofis identical to the one of [8, Lemma 4.2]. We want to achieve a similar bound
for any inverse subordinator. This is done by means of the following proposition.

Proposition 4 Fix t > 0. Then there exists a constant K (t) such that

reg(t; —A) < K(1), VA € [0, +00). (10)
Proof Let us first recall that e (1; —1) = E[e~*£¢(®], thus it is the Laplace transform
of fo (s; t) withrespectto s. In particular itis completely monotonein A and e (7; 0) =

1. Now let us recall that fp (0+; t) = V(t) (see, for instance, [49, Theorem 4.1]). On
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the other hand, by the initial-value theorem (see, for instance, [18, Section 17.8]), we
have
lim Aep(t; —A) = fo(0+;1) =V(t) < +o00.
A——+00

Hence, we can consider the continuous function A € [0, +00] — Aep(f; —A) € RT
and obtain (10) by Weierstrass theorem. O

Let us give some examples of Bernstein functions and associated subordinators.

— We have already referred to the a-stable subordinator, i.e. the one we get when we
choose @ (L) = A% for o € (0, 1). In such case, extensive informations on inverse
«-stable subordinators are given in [35]. As we stated before, we have in particular
e (t; A) = E4(AtY), where E, is the one-parameter Mittag-Leffler function (see
[15]). As a particular property, let us recall that, if we denote by o, the «-stable
subordinator and g, the density of the random variable o,(1), then the inverse
«-stable subordinator E¢ (¢) admits density

1—1 _ 1
Pgalts P);

fa(s; 1) = és_

— Ifwefixaconstantd > 0anddefine @ (1) = (A+6)* —6 we obtain the tempered
a-stable subordinator with tempering parameter 6 > 0. Denoting by oy, (?) this
subordinator, one can show that the density of the subordinator is given by

—Os+10% .
O o (si 1)

8ap(sit) =e
where g, is the density of the «-stable subordinator o, (#). An important property
to recall is that the introduction of the tempering parameter implies the existence
of all the moments of o, ¢ (¢) (while this is not true for o, ). Inverse tempered stable
subordinators are studied for instance in [30]. Moreover, it can be shown that the
Lévy tail v is given by
ab*T(—a;t)

YO= TR

where I (o; x) = f;roo 1“~Ye~"dt is the upper incomplete Gamma function;

— For @ (1) = log(1+A%) asa € (0, 1) we obtain the geometric «-stable subordina-
tor. From the form of the Bernstein function associated to the geometric a-stable
subordinator, one obtains (see [47, Theorem 2.6]) that the density gg o of the

random variable o (1) (Where o () is the geometric a-stable subordinator)
satisfies the following asymptotics:

a—1

I'(x)
QT —a—1
8G.a(s) ~ 2m sin (7) I'(l+ a)s as s — +o0.

ass — 0t

8G.als) ~
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Concerning the Lévy tail v, it cannot be explicitly expressed, but it has been shown
in [47, Theorem 2.5] that it satisfies the following asymptotic relation:

—

v(i) ~ — t .
v(t) rd—o ast — 400

— Ifin the previous example we consider « = 1 we obtain the Gamma subordinator.
In this specific case, one can obtain explicitly the Lévy tail v as (see, for instance,
[47] and references therein)

v(t) = I'(0;1).

4 Non-local Forward and Backward Equations
Let us consider N(¢) to be a solvable birth—death process with state space E and

invariant measure m and let us denote by G and £ its backward and forward operators,
respectively. Let us first focus on the backward equation.

4.1 Heuristic Derivation of the Strong Solution

Let us consider a Bernstein function @ and the Cauchy problem

%u(r,x)zgu(t,x) t>0, xeE (11
u(0, x) = g(x) x e E.

Suppose that g € £2(m). Let us consider (Q,),cr the family of orthonormal polyno-
mials associated to N (¢). Then we can decompose g as

g) =) 2 0n(x)

nek

for some coefficients (g,)ncr. Let us suppose we want to find a solution u(¢, x) by
separation of variables. Thus, let us suppose u(t, x) = T ()@ (x). If we substitute this
relation in the first equation of (11) we obtain the following coupled equations

Go(x) = p(x) x€eE
Ty =AT@) t>0.

a®
Concerning the first equation, let us observe that we need to set ¢(x) = Q,(x) (up to

a multiplicative constant) and A = X, for some n € E. Let us also recall that 1, < O.
Concerning the second equation we get

T(t) =ep(t; Ay).
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and then we have for some n € E
u(t, x) = Qn(x)ee (t; Ay).

We can also have solutions that are linear combinations of Q,¢q. Let us suppose that
we can consider eventually infinite linear combinations. Then we expect a solution of
the form

u(t, x) =Y un Qn(x)eq (t; 1n)

n>0

for some coefficients (u,),ck. Finally, let us observe that

D 80 n(x) = g(0) =u(0,x) = Y up Qu(x)

nek nek

then, since the components (g,),cr are uniquely determined, then u,, = g, for any
neeE.
Finally, we expect the solution to be of the form

u(t, x) =Y gnQn(X)ea(t; An).

nek

Now we want to formalize this reasoning.

4.2 The Backward Equation

Before working in the general case, we need to exploit what will be our fundamental
solution. To do this, let us show the following Lemma.

Lemma 2 Let N(t) be a solvable birth—death process with state space E, generator
G, invariant measure m and family of associated classical orthogonal polynomials
(Py)nek- Then the series

Po(t, x5 y) =m(x) Y ea(t; 1n) Qu(x) Qn(y), (12)

nek

where Q,, are the normalized orthogonal polynomials, absolutely converges for fixed
t>0andx,y € E.

Proof Let us first observe that if E is finite, then the summation (12) is actually finite.
Thus, let us consider the case in wh~ich E = Ny. Let us denote by 0, = || P2 and let
us recall that the dual polynomials P, exhibit orthogonality with respect to the measure
m(x) = ;—2 However, since, if E = Ng, N (¢) is either an immigration-death process

or a Meixner process, then the dual polynomials 13,, coincide with the polynomials P,
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themselves. We have, by using the self-duality relation P,(x) = Py(n),

~+00
P, x;y) =m(x) Y ea(t; hn) Qu(x) Qn(y)

n=0

+00
= m(x) ZI’T’[I(I’!)€¢(Z‘; An) P (x) Py (y)
n=0

~+00
=m(x) Y i(n)eg (t; hn) Py (n) Py(n).
n=0

Now let us denote by root(x) the set of all the roots of the polynomial P, (n). These
sets are finite with cardinality at most x. Thus, we can define

no = [max(root(x) Uroot(y))] + 1.

To show the absolute convergence of the series in pg (¢, x; y), we only need to show
the absolute convergence of

“+o00

> di(n)eq (t; An) Pe(n) Py ().

n=ngq

Let us observe (see [38, Table 2.3]) that the sign of the director coefficient of P, (both
in the Charlier than in the Meixner case) depends on the parity of x. In particular we
have that for any n > ny it holds sign(Py (n) Py(n)) = (—1)**Y. So we get

+00
> |Aim)eq (t; 1) Pe(n) Py ()|

n=no

+oo
< (=1 Y () Po(n) Py(n),

n=no

where we have to observe that eg (7; A,) < 1 since A, < 0. As before, the series at
the right-hand side converges if and only if

+00
> " #i(n) P (n) Py (n)
n=0

converges. However, by the dual orthogonal relation and the self-duality relation of
Charlier and Meixner polynomials, we achieve

*f 1
ni(n) Py (n) Py(n) = ——8y,
n=0 ’ m(x) ’
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for any x, y € N, concluding the proof. O

Before exploiting the strong solution, let us show the normal convergence of some
auxiliary series of functions.

Lemma3 Let N(t) be a solvable birth—death process with state space E = Ny,
generator G, invariant measure m and family of associated classical orthogonal poly-
nomials (Py)n>0. Let g € Zz(m) such that g(x) = Zn>0 gn0n(x) for x € E and
some constants (gn)n>0, where (Qn)n>0 are the normalized orthogonal polynomials.
Then

gl m) .

1. Forany x € E itholds )_, .o |gnQn(x)| < NOOR

2. For any fixed x € E the sum ), ., ed(t; kn)gnOn(x) normally converges for
t € [0, +00); -

3. For any fixed x € E and T1 > 0 the series Zn>0 Aneo (t; Mn)gn Qn(x) normally
converges fort € [Ty, +00).

Proof Let us show property (1). Since g(x) = ano 8, 0n(x) and Q, is an
orthonormal basis of ¢2(m), it holds ano g,zl = | gll%2 )’ In particular it holds,

by Cauchy-Schwartz inequality and self-duality relation for Charlier and Meixner
polynomials

D 1gn Qn) =Y V(1) |gn Pa ()]

n=0 n>0

IA

> o am) P | llgllem)

n>0

N ”g”lz(m)
= Zm(n)sz(Vl) lglem = —F——"-
= A/m(x)

To show property (2), let us just observe that eg (¢; A,) < 1 since A, < 0 and then
D lew (t: An)gn Qn () < Y 80 O (X))

n=>0 n>0

where the series on the right-hand side is convergent and independent of r > 0.
Concerning property (3), by Eq. (10) we obtain for some constant K(77) > 0,
since e (¢; A,,) is decreasing,

D w15 1) 2a Qn ()] < Y 1hnea (T3 An)gn Qu ()] < K(T1) Y 182 Qu (X)),

n=>0 n=>0 n>0

concluding the proof. O

Now we are ready to show that for the initial datum g € £2(m) our backward problem
admits a solution.
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Theorem 2 Let N(t) be a solvable birth—death process with state space E, generator
G, invariant measure m and family of associated classical orthogonal polynomials
(Py)nek. Let g € 02(m) such that glx) = ZneE gn0n(x) for x € E and some
constants (g,)nek, where (Qn)ner are the normalized orthogonal polynomials. Then
the Cauchy problem

3td> L(t,y) =Gu(t,y) t>0, yeE

(13)
u(0,y) =g yeE
admits a unique strong solution of the form
w(t,y) =Y e (t: kn)gn Qn(y). (14)

nek

In particular sup,o lu(t, )l e2m) < 181l ¢2(m)-
Finally pg (t, x; y) is the fundamental solution of (13), in the sense that it is the
strong solution of (13) for g(y) = 8,(y) and for any g € £*>(m) it holds

u(t,y) =y palt, x; y)gx).

xeE

Before giving the proof of the Theorem, let us state formally what we mean as strong
solution.

Definition 3 A function u(¢, y) is a strong solution of the Cauchy problem (13) if:

- atq, 2L (¢, y) exists for any ¢ > 0 and y € E;

— The convolution integral i 1n (t y) is well-defined as a Bochner integral and the

differentiation operator is a strong differentiation in £2(m);
— The equations in (13) hold pointwise;
- u(t: ) € €0, +oo); ¢ (m));
- L3t +) € C((0, +00); £2(m)).

Proof of Theorem 2 Let us first show that u (¢, y) in the form of (14) is a strong solution

for (13).
First of all, let us recall that, by definition of e and Q,, it holds

Glea (t; ) Ongnl(x) = ea (t; A1) 8nG Qn(x)
(o)}

0
= Ao (13 20)8n On(X) = —zea (13 1n)gn On(x).

Now let us observe that if E is finite then ng € N and we have that u(¢, y) is a strong
solution of (13) just by linearity of the involved operators.
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Let us now suppose that E is countably infinite. First of all, let us show that the
series (14) converges in £2(m). To do this, define for N € N

N
Un(t,y) =Y e (t; 1a)gn Qn().

n=0

Now consider N < M in N and observe that, being A,, < 0and e (¢; X,,) < 1, itholds

M=
o

I
=

n

thus, by Cauchy’s criterion, we know that the series converges in £2(m)
Now let us denote

t
Iv(t)=/ v(r)dr
0

that is increasing and non-negative.
Let us then observe that

t t
/0 (. y) — w0+, Y)D( — 1)dr = fo w(z, ¥) — u(0+, )1t — 7).

Since we have shown in Lemma 3 that the series defining u (¢, y) normally converges
for fixed y € E, then we can use [43, Theorem 7.16] to write:

“+o00

t t
/0 (u(r, y)—u 0+, y)vt—7)dr =y </0 (eq (T3 Ap) — V(1 — t)df> On(y)gn-

n=0
(15)

As next step, we want to differentiate under the series sign. However, we have to show

uniform convergence for ¢ in any compact set [77, 75] of the series of the derivatives
to use [43, Theorem 7.17]. Recalling (9), one has

+oo
0

+o00 aq)
(/ (ea (5 An) = DV — T)df> On(y)gn = Z 578 @65 20) On(¥)gn

n=|

= Z)\nequ (; An) On(¥)gn

n=0

that normally converges by statement (3) of Lemma 3.
Hence we obtain, differentiating on both sides in (15)

@ 100 o

d
S ) =Y et An) ()8 —Zew )G On () gn-

n=0 n=0
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Now let us recall that G = (b(x) — d(x))VT 4 d(x) A, hence we have to show that
we can exchange V' with the sign of series. This is due to the commutative property
of normally convergent series. Indeed we have

400 +0 I
VEY ea (i 1) Qu(3)gn = Y ea(t; 1) Qn(y + Dgn — Y € (15 20) Qn(3)gn

n=0 n=0 n=0

= lim (Z ea (13 An) On(y + 1gn — Zecp(t A )Qn(y)gn)

N
—+00 =0

= lim Zew M)V Qn(y)en = Zw(r )V 0 (3)8n

Naoo
n=0

where all the passages are justified by the fact that the two series Zn —o ¢ (t; An) On(y+

Dgn, n: €q> (t; An) On(y)gn both normally converge by Lemma 3. The same holds
for A. Thus, we finally have

[

Sl y) = Zeqa(r; )G Qn(y)gn = Gult, y)

n=0

for any ¢ > 0. Concerning the initial datum, we have

u(0,y) =Y g Qu(y) = g(y).

nek

Now let us show strong continuity of u in [0, +00) and of aa%u in (0, 4+00). These
properties are obvious as E is finite, thus let us suppose £ = Np. Concerning the
continuity of u, let us show it in 0T, since for any other t € (0, +00) the proof is
analogous. We have

+00
lae(t, ) = 82y = D (1 = e (5 An)) gr
n=1

Now fix 8 > 0. Since (gn)n>0 belongs to 02, there exists n(¢) > 0 such that
Zn —n(e) gn < ¢. By using the fact that (1 — e (%; A)? < 1 for any A < 0, we
get

n(e)

(e, ) = 8OV agy = D (1 = €o (15 1)) g2 + &
n=1
Sending ¢t — 07 (using the fact that eg (¢; A,,) is continuous in ¢ and that the first
summation is ﬁnite) and then ¢ — 0T we obtain strong continuity of u. Let us discuss
the continuity of L= ol in (0, +00). To do this, let us consider ty € [¢1, t2] with ;1 > 0.
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We have, for any ¢ € [#1, f2], arguing as before and using (10),

) 2

” 3(15 8(15
£2(m)

at—(pu(h )= at—dju(fO’ )

D hn(ea (ts n) — ea (t0; ) Qu(-)gn

nek

£2(m)

“+o00
=) Ao (t: 1) — ea (103 1)) gn
n=0
n(e)
<Y Moo (t: k) — ea (f0: An) gy + K (11)e.
n=0

Thus, sending t — # (observing that the first sum is finite) and then ¢ — 0T we
obtain the desired continuity. Uniqueness follows easily from the fact that (Q,),>0 is
an orthonormal system in £?(m) hence the coefficients are unique.

Now let us show the bound of the £2(m) norm. We have

+o0 +o00
e, M a gy = D €5 (E 287 < Y 82 = lglezm)
n=0 n=0

We only have to show the second property of Definition 3. Let us first show that the

L . . L g . .
convolution integral involved in the @-derivative ‘)—d,u(t, -) is a Bochner integral. To
do this, we can use Bochner’s theorem (see [3, Theorem 1.1.4]). We just have to show
that

'
/ lu(z, ) = u0+, )l 2m) vV — )dT < +00;
0

to do this, we will work with the square of this quantity. By Jensen’s inequality (see
[44, Theorem 3.3]) we have

t 2
</0 ||M(T, ) — u(0+, )”[2(m) g(t —_ T)df)

t
< lv(t)/o llu(z, ) — u(0+, ~)||§z<m) v(t — t)dt

[+OO
=1,(t) f D (1 —ea(t; 1) gav(t — T)dr,
0 n=1
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and then, by monotone convergence theorem and the fact that 0 < 1 —eg (#; A,) < 1,

t 2
( /0 lee(z, ) — w0+, )l 2 m) Pt — r)dr)

+00 L

<Ln)Y / (1 — ea (v; 1))*0(t — T)dT gy
n=1 0

< I3 llgll2m) < +0o.

concluding the proof of the statement.
Next, let us show that the differential involved in ;Tﬁ”(t’ y) is a strong differential
in £2(m), that is to say

] 1 t+h B
}}% 7 (./0 (u@+h—1,-) —uO+, ))v(r)dr
t +00
—/ (u@—1,) —u0+, ~))\7(r)df> = e (t; 1) Qngn | €3 (m) = 0.
0 n=0
(16)

Let us first argue as & > 0. First of all, let us rewrite the difference of the convolution
integrals in the following way

t+h t
/ Wit +h =7, y) — u(0+, y))v(r)dr—/ (i — 7, y) — u(0+, y)p(x)de
0 0
t
= / uit+h—1,y)—ul—r1,y))v(r)dr
0
t+h
+ / (u(t+h—r1,y) —u(0+, y))v(r)dr,
t

thus we can use the triangular inequality to achieve

1 1+h
H h (/ u(t +h—7,-) —u0+,))i(r)dr
0

t oo
—/ (u(t —7,-) —u(0+, ~))ﬁ(r)dr) — D hnea (t; k) Qnga | € (m)
0

n=0

=

1 [ =
E/o it +h =1, —ult =7, NHOAT = > Anea (t: kn) Ongn

n=0

£2(m)

1 t+h
+ ”E / w@+h—r1,-) —u+,)v(r)dr
t

£2(m)
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Let us first consider the second summand. By Bochner’s theorem and the fact that v(#)
is decreasing we have

1 t+h
H E/ (u(@+h—r1,-) —uO+, ))v(r)dr
t

£2(m)

1 h
<0 /0 he(z. ) — 10 2y 7.

Since we have already shown strong continuity of ¢ € [0, +00) +— u(t,-) € Kz(m),
we know that T + |[lu(z, -) — u(0+, )|l 2(m) is a continuous function, hence, by the
integral mean theorem, there exists 6 () € [0, k] such that

1 h
N /O (e, ) — w0+, Ml 2gm AT = I (@Ch), ) — O+, Nl 2amy -

Taking the limit as 7 — 0T we conclude that

1 h
lim — ;) —u(0+, - dr =0,
Jim o [ e =0+l 0o

and then

=0. (17)
¢2(m)

lim
h—0t

1 t+h
7 / u@+h—r1,-) —u©+, ))v(r)dr
t

Now let us consider the first summand. By definition of u(z, y) we have

t
/ uit+h—1,y)—ul—r1,y))v(r)dr
0

t T
= /0 D (ea(t +h =75 k) — e (t — T5 ) gn Qu (M V(T)T.

n=1

Let us recall that for any ¢, s > 0 it holds |eq (¢; A,) — ep (s; A,)| < 1. By Lemma 3,
property 1, we have

||g||52(m)

+00
D lea(t+h =i k) —ea(t — T3 A)l1gn Qu ()] < ok

n=1
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thus, being v integrable in (0, #), we can use dominated convergence theorem to
achieve

t
/ @ +h—rt,y)—ul—rt,y))v(r)dr
0

+o0o ¢
— Z </0 (ot +h—1;)hp) —ep(t —1,; )»n))i(r)dr) 21 0n(y).
n=1

Observing that

L, @) 1181l ¢2 (m)

182 0n (V)] < )

—+00
n=1

t
%/ (ep(t +h — 15 Ap) —ea(t — 75 4,))V(7)dT
0

and
K (@) 118l ¢2(m)

+o00
An 3 An nn =
> 1hnea (1 2n)l18n Qu ()] < T

n=1

for a suitable K (¢), we have, being all the involved series absolutely convergent,

+00 1 t
Z(Z/O (eq>(t+h—r;>»n)—w(t—r;kn))i(r)dr) 8n On(y)

+00

— Z)»n&p(t; 2n)8n On(y)

n=1

n=1

+00 1 t
=> (Ef (o (t +h — T3 hp) — e (t — T3 Ap))V(T)dT
n=1 0

_)\ned>(t;)\n)> gnOn(y). (18)

To show that the previous series converges in £2(m), let us define

N t
Sv=). (%/0 (ep(t +h — T kp) — e (t — T3 1)) V(7)dT

n=1

—Aneo(1; An)) £nOn(y)
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and observe that, forany M > N,

M

1 t
”SM—SN”?z(m): Z (}—l/o(eqb(l—f-h—f;)»n)

n=N+1

2
—ep(t — 7; A))V(T)dT — Apeq (25 )\n)> grzl

M 1 t
<> ((E/O(e(p(ﬂrh—r;kn)
n=N+1

—eo (1 = T A)TOAD? + Gunco (1 2))?) &3

2 M
_(Ih(;)Jer(t)) > e

n=N+1

for a suitable K (¢). Being Z,‘fﬁg gﬁ convergent, by Cauchy’s criterion we know that
for any ¢ > O there exists No > O such that, for any Ny < N < M, it holds
ZQ’IZNH g,% < ;2; In particular, choosing Ng < N < M we have that
(%-H(z(t))

1Sm — SN llg2qmy < &, thus Sy converges in £2(m). In particular, this means that we
can use Parseval’s identity on the series in the right-hand side of Eq. (18), hence

+00 2
H f(u(r+h—r )= u(t =T, NPT = Y Anea (£ 2n) Qngn
n=1 £2(m)
+oo 1 t 2
=> <E/ (o (t +h—1; k) —ea(t — T; hy))V(1)dT —Am(r;m) &
n=1 0
+oo 1 t+h
= <— (/ (ep(t+h —1;Ay) — Dv(r)dr
n=1 h 0

t
—/ (ep(t — T35 Ap) — l)i(r)dr)
0

2

1 t+h
_Z/ (ep(t +h —71: Ap) — DV(T)dT — A0 (15 kn)> &n
t

2
2= Z ((—] D00 e m)

+52(1) <E /0 (e (53 hn) — 1)2ds>) g2,
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where we set .
Iy (1) =/ (eq(t — 15 Ap) — DV(7)dT
0

and we used Jensen’s inequality.
Observe that ,(r) is a C! function with I)(t) = Apeq(t; Ay). By Lagrange’s
theorem there exists a function 6, (h) € [z, t + h], for each n > 1, such that

L,(t +h) — 1,(t)

) = 1,60 (1)) = e O (h); 1),

and then we obtain

1 t+h
”ﬁf Wt +h—1,) —ult — 7, ))i(r)de
0

2

+00
= hnea (t: hn) Qngn

n=0

£2(m)

400
22 3 (Gt @ah): An) = e (15 20))

n=1

h
+ﬁ2(l) (%/0 (eq (55 An) — 1)2ds>> g,%'

Let us show that the series in the previous equation normally converges for fixed ¢ > 0.
To do this, just observe that

+oo

D~ (Ot On ) 2) = hnco (13 7))

n=1

h
+92(1) (% /0 (e (55 An) — 1>2ds)) g2

< QK20 + 7)) 18/l -
Thus, we can take the limit inside the summation sign to obtain

+o00
lim > (Cnea O (h); ) = hnco (3 1))’

h—0F
n=1

h
+0°(1) (%/0 (eq (53 2) — 1)2d8>> &

“+o0
= (Ai lim (e (B (h): 1n) = e (13 1n))?
1 h—0t

1 h
+92(1) hliIng <Z/ (eq (85 An) — 1)2dS>> g =0,
- 0
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where we used the fact that eg (7; A,,) is continuous. Last relation implies

lim
h—0t

1 t+h
. / Wt +h—1,) —ult — 1, ))o(r)de
0

2
=0. 19)
£2(m)

+o00
= hnea (t: hn) Qngn

n=0

Combining Egs. (17) and (19) we finally obtain

1 t+h
7 (/ u@+h—rt,-)—ul0+,))v(r)dr
0

h—0F

t too
—f ((t —7.) — u(0+, -))ﬁ(r)dr) — > e (1 1) Quga | €2 (m) = 0.
0 n=0

(20)

Concerning the case i < 0, after observing that

t+h t
/ (@ +h—rt,y) —u0+, y))v(r)dt — f (@ —t,y) —u0+, y))v(r)dr
0 0
t+h
=/ @ +h—rt,y)—ul—rt,y))v(r)dr
0

t
+ (u(t —7,y) —u(0+, y))v(r)dr,
t+h

one can conclude with the same argument as in the case # > 0 that

1 t+h
lim ‘— (/ (u@+h—r1,-) —uO+, ))v(r)dr
h—0- || h 0
t +00
—/ u(t —,-) — u(0+, -))ﬁ(r)dr) — Y hnea(t: 1n) Qnga | £*(m) = 0.
0 n=0
@1

Combining Egs. (20) and (21) we finally obtain Eq. (16).
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Now let us show that pg (¢, x; y) is the fundamental solution. Let us consider a
function g € £?(m). Then we have

Y polt,x; y)gx) =Y m(x) (Z eo (t; An)Qn(x)Qn(w) g(x)

xeE xekE nek

=Y 0u(Mea(t; hn) Y m(x)Qu(x)g(x)

nek xeE

= Z On(ea (t; 1) gn = ult,y)

nek

where we could exchange the order of the series since or E is finite, and then the sums
are finite, or E is countably infinite and all the series involved are normally convergent
in compact sets containing ¢.

Finally, let us observe that if, for some z € E, g(x) = 6;(x), then

u(t,y) =Y palt,x; )8, (x) = pa(t, z; y),

xeE

concluding the proof. O

4.3 The Forward Equation

Now let us apply the same strategy to study the Cauchy problem associated with L.

Theorem 3 Let N(t) be a solvable birth—death process with state space E, forward
operator L, invariant measure m and family of associated classical orthogonal poly-

nomials (Py)ncg. Let f/m € 02(m) such that f(x) = m(x) ZneE fnOn(x) for
x € E and some constants (fy)neE, where (Qn)neg are the normalized orthogonal
polynomials. Then the Cauchy problem

%(t,x) =Lv(t,x) t>0, x€eE

(22)
v(0,x) = f(x) xeE
admits a unique strong solution of the form
v(r, x) ZM(X)Z%(t;kn)ann(X), (23)

nek

such that sup,~ [V(Z, 2@y < 1f/mlg2m)- Finally pe (2, x; y) is the fundamental
solution of (13), in the sense that it is the strong solution of (13) for f(x) = §y(x)
and for any f/m € £*(m) it holds

v(t,x) =Y palt, x; ) f().

yeE
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Proof Let us first observe, by Lemma 1

Lm(x)ep (t; hn) [ On(x) = ea (t; An) fnL;—x(m(2) Qn(2))(x)

ad’
= Mpeo (t; Ay) fum(x) O (x) = E)t_cpm(x)e@(t; An) frn On(x).

Thus, the exact same strategy of the proof of Theorem 2 leads to formula (23) and
uniqueness follows as before. Concerning the estimate on the norm, it holds, since m
is a probability measure and then m(x) < 1,

2
G, ) 1o gy = D m(x) (m(x) Y et k) f Qn(X))

xeE nek
2
<Y m) (Z fuea (t; an(x))
xeE nek

=Y freath) < IF/mif, -

nek

Moreover, let us observe that

Y pet,x; ) =mx)) (Z G )\n)Qn(x)Qn(y)) ASI

yeE yeE \neE m(y)

— ) Y 070000 Y 0L )
nekE yeE m(y)
=m(x) Y ea(t; hn) fn Qn(x) = v(t, X).

nek

Finally, observe that if, for some fixed z € E, f(y) = §,(y), then obviously f/m €
£%2(m) and we have

v(t,x) =Y palt,x; L) =Y palt, x; )8:(y) = pa(t, x; 2)

yeE yeE
concluding the proof. O

Remark 1 One also obtains the following estimate on the norm:

sup [[v(#, ) /m()ll2my < I1f/mll2(m) -

t>0
Next step is to identify some processes such that pg (7, x; v) isits transition probability

function (in some sense) and then give some stochastic representation of the strong
solutions of the Cauchy problems (14) and (23).
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5 Non-local Solvable Birth-Death Processes

Let us now consider a solvable birth—death process N and the subordinator o asso-
ciated to the Bernstein function @, with its inverse E¢. Let us suppose N and E¢ are
independent.

Definition 4 The non-local solvable birth—death process induced by N and @ is defined
as

No¢ (1) := N(Eg(1)) (24)

for any t > 0, where E (¢) is independent of N (). Moreover, we define its transition
probability function

po(t,x;y) :=P(No(t) = x|No(0) = y).

We used the same notation for the transition probability function and the fundamental
solution of the Cauchy problems (14) and (23). Indeed, we can show the following
result.

Theorem 4 The transition probability function pg (t, x; y) coincides with the series
defined in Lemma 2.

Proof Let us first observe that Ny (0) = N (0) almost surely (since E¢ (0) = 0 almost
surely), thus, by a simple conditioning argument, we have

+00
po(t, x;y) =/0 p(s, x;y) fo(s, 1)ds.
Now let us recall, by Theorem 1, that

pls.xiy) =m(x) Y e 0y(x)Qn(y)

nek

thus we have

+oo
po(t.x1y) = m(x) /0 3 €M 0,(x) Qu () for (5. 1)ds.

nek

If E is finite, we conclude the proof. So let us suppose E = Ny. Recalling the notation
in the proof of Lemma 2, let us define

no = [max(root(x) Uroot(y))] + 1.
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and let us split the summation in two parts. We have

no

~+00
Pot, x; y) = mx) /O 3 040 Qe fi(s, 1)ds
n=0

400 F00
) /0 3 04 0u(ME fils, ds.

n=no+1

Now let us observe that we can exchange the integral sign with the first summation by
linearity of the integral, while in the second summation this can be done by Fubini’s
theorem, being the integrands of fixed sign (exactly the sign is determined by (—1)*1”
since Q,,(x) 0 (y) = m(n) Py (n) Py(n)). Thus, we have

no +OO
pa(t,x;y) =m(x) Y Qn(x)Qn(y)/O & fo (s, 1)ds
n=0

+00 +o00
+mx) Y Qn(x)Qn(y)fO & fo (s, 1)ds

n=no+1

oo +o00
=m(x) Y () Qu(y) / & fo (s, 1)ds.
n=0 0
Finally, let us recall that, by definition

“+00
/ M fo (s, 1)ds = E[e*E2D] = e (1 1),
0

concluding the proof. O

By using this result, we can achieve some stochastic representation of the solutions of
the Cauchy problems (14) and (23). Indeed we have the following result.

Proposition 5 Let Ny (t) be the non-local solvable birth—death process associated to
N(t) and @. Suppose N (t) admits state space E. Then

1. Forg € €2(m) the functionu(t, y) = Ey[g(Ng (1))] (where Ey[-] = E[-|[Ng (0) =
v]) is strong solution of (14);

2. For f/m € £*(m) such that f > 0 and Y e f(x) = 1, denoting by Py the
probability measure obtained by P conditioning with the fact that Ng (0) admits
distribution f, then the function v(t, x) = Py(Ng(t) = x) is strong solution of
(23).

Proof To show assertion 1, let us observe that

u(t,y) =Ey[g(No ()] =Y g(x)pa(t, x; y),

xeE
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obtaining that u (¢, y) is the strong solution of (13) by Theorem 2.
Concerning assertion 2, we have

v(t, x) =Pr(No(t) =x) = Y _ fpalt,x;y)

yeE
obtaining that v(#, x) is the strong solution of (22) by Theorem 3. O

Finally, this proposition allows us to obtain the invariant distribution of Ng (¢) and
show that it is also the limit distribution.

Corollary 3 Let Ng(t) be the non-local solvable birth—death process associated to
N(t) and @. Suppose N (t) admits state space E. Then

1. If No (0) admits distribution m, then Ng (t) admits distribution m for any t > 0;
2. If No (0) admits distribution f suchthat f /m € €*(m), then lim; 4o Pr(No(t) =
x) = m(x).

Proof Let us first show property (1). To do this, let us observe that 1 € £2(m) since m s
aprobability measure. Thus, recall, by Proposition 5, that v(¢, x) = Py (Ne (f) = x) is
astrong solution of (22). Now we need to determine m,, suchthat ), cgMnOn(x) = 1.
Let us recall that Qp(x) = 1 while deg(Q,(x)) =nforanyn =1, ..., ng, thus we
have my = 1 and m,, = Oforany n = 1, ..., ng. Moreover, let us recall that 1y = 0,
since 1 € Ker(G). Hence we have, by Theorem 3,

v(t,x) =m(x) Y eq(t; An) Qn(x)m, = m(x)

nek

and N (¢) admits m as distribution.

Now let us suppose Ng (0) admits f as distribution with f/m € ¢*(m). By Propo-
sition 5 we have that v(¢, x) = Py (Ng (t) = x) is a strong solution of (22) hence it
holds

v(t, x) = m(x) Y g (t: hn) Qu(X) fu = m(x) fo+m(x) Y ea(t; 1) Qu(x) fo-

nek nek
n>1

Let us determine fy. We have, by definition of scalar product in £Z(m),

fo= Ym0y =¥ fo =1

xeE m(x) xeE

hence we have

v(t, x) = m(x) +mx) Y e (t; ) Qu(X) .

nek
n>1
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Now let us consider the summation part. First of all, let us recall that m is a probability
measure, hence m(x) < 1. We have

2
S im0 2@ < Y m@ S < sy

2
xeE xeE mn (X)

hence f € £2(m). By Lemma 3 we know that Y ek eq (75 A,) Qn(x) f normally
n>1

converges, hence we can take the limit as  — oo under the summation sign.
Now let us observe that lim;_, 4 oc E¢ (f) = 400 almost surely. On the other hand,
we have e*»F*(®) < [ thus we can use monotone convergence theorem to achieve

lim eg(f; Xy) = E[ lim MEe(M] =
t—400 t—+00

Finally, by dominated convergence theorem, we have

lim v(t, x) = m(x) + m(x) [_1>im Z e (15 ) On(X) fu

t—+00 +00

nek
n>1
= m@) +m(0) Y 0n(0) fy lim e (t; i) = m(x),
nek
n>1
concluding the proof. O

6 Correlation Structure of Non-local Solvable Birth-Death Processes

Let us consider the potential measure Ugp (t) = [E[Eg (7)] of the subordinator o (7).
As a consequence of Corollary 2, we can directly apply [9, Theorem 2] to obtain and
expression of the covariance of Ng (¢) in terms of e (¢; A1). In particular, with an easy
refinement of the proof, by using the distributional derivative of the potential function
Ug (1), we can get rid of some hypotheses of the aforementioned Theorem.

Proposition 6 Let N(t) be a solvable birth—death process with state space E, invariant
measure m and family of associated classical orthogonal polynomials (Pp,),cEg. Let
us denote by 1 : E — E the identity function and suppose that . = ay + a1 Q1. Then
it holds, for any t > s > 0

Covy (Ng (1), No (s5))

N
=a} (-M/ ep(t — T3 A1)dUp (T) — 2 + 2ep (55 A1) +€¢>(I;M)>-
0

As we expected, since we are composing a stationary process N (¢) (if N (0) admits m
as distribution) with a non-stationary one E¢ (), N (¢) is not second-order stationary.
To introduce the notion of memory for our process Ng (t), we refer to the necessary

@ Springer



Journal of Theoretical Probability

conditions given in [12, Lemmas 2.1 and 2.2], since, for our processes, it is easier to
work with the auto-covariance function. In particular we focus on the long memory
with respect to the initial state.

Definition 5 Given the function y (n) = Cov,,(Ng (n), Ny (0)) forn € N:

— Ng (t) is said to exhibit long-range dependence if y (n) ~ E(n)n_k where £(n) is
a slowly varying function and k € (0, 1);
— Ng (1) is said to exhibit short-range dependence if Z+ 1y ()| < +oo.

In the specific case of the initial state, we have the following Proposition.

Proposition 7 Let N(t) be a solvable birth—death process with state space E, invariant
measure m and family of associated classical orthogonal polynomials (Pp,),cEg. Let
us denote by 1 : E — E the identity function and suppose that . = ag + a1 Q1. Then,
lim;, 400 Covp (No (1), No (0)) = 0.

Moreover, if e (t; 1) ~ Ct™% ast — +00 for some a € (0, 1), then Ng (1) is
long-range dependent.

Proof One has
Covn(No (1), No(0)) = afes (5 11),

where this identity can be achieved by direct calculations, observing that Cov,, (N (t),
N(0)) = aj 2¢M1! The second assertion easily follows from last identity. O

Remark 2 Let us observe that, actually, since Cov,, (N (), N(0)) = a%e}‘” , We can
argue by direct calculations without using the regularity hypotheses on P(E (¢) > ).

Concerning the asymptotic behaviour of e (#; A1), one can obtain some information
by the behaviour of @. Indeed one has the following result.

Proposition 8 If & is regularly varying at 0" with order a € (0, 1), then, for any fixed
A > 0, eqp(t; —A) is regularly varying at oo with order —a.

Proof Let us consider J(t) = fot ep (s; —A)ds and let us observe that the Laplace-
Stieltjes transform J () of J(¢) is given by

()

oy = —20
= @m+n

Since A is positive, one has that J () is regularly varying at 0% if and only if ¢(")

(since @(0F) = 0 by the fact that @ = 0, see, for instance, [45]). In particular, smce
@ is regularly varying at 0% with order «, then J (1) is regularly varying at 07 with
order o — 1.

By Karamata’s Tauberian theorem (see, for instance, [37] for a compact statement
and [16] for the full proof), we know that J(¢) is regularly varying at infinity with
order 1 — . Now let us observe that J'(t) = e (f; —1), that is monotone, hence, by
Monotone density theorem (again, see [16,37]), we have that eg (r; —X) is regularly
varying at oo of order —c, concluding the proof. O
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Remark 3 Letus observe that the results coincides with [36, Theorem 2.1— (4)], except
for the fact that we are not asking @ to be special or v to be absolutely continuous and
we are not considering any hypothesis on the existence or regularity of the density of
the subordinator.

In particular we get the following Corollary.

Corollary 4 Under the hypotheses of Proposition 7, if @ is regularly varying at 0
with order a € (0, 1), then Ng(t) is long-range dependent.

Let us reconsider the examples given in Sect. 3 and study the asymptotic behaviour
of the covariance.

— In the case @(X) = A“ we can actually obtain an explicit formulation of the
autocovariance function for ¢t > s > 0:

Covy (Ng (1), No (5))

rat® [T Eq(Ar(1 — 2)%
=af(Ea(A1t”)— 1o t Eg(M1%(1 —2) )dz>,

rad+a) fy 7l

where the proof of such formula is identical to the one of [31, Theorem 3.1].
Thus, we can use [31, Remark 3.3] to obtain directly long-range dependence of
the process.

— As®(L) = (A +0)% — 6%, we have that @ (}) is actually regularly varying at 0™
of order 1. Indeed we have ® (L) /A — af**!as A — 0. In particular this means
that the function J(17) defined in Proposition 8 is such that J(04) = Ty By

*
. . . at1 .
Karamata’s Tauberian theorem, we still have lim;_, y» J () = “ek . This means
+00

in particular that eq (s; —A) is integrable in (0, +-00) and thus ) %] eq (n; —1) <
+o00. From this observation we obtain that in such case Ng(¢) is short-range
dependent.

— Ifwe consider @ (A) = log(1+1%) fora € (0, 1), then @ ()) is regularly varying at
07T of order «, since lim,_, g+ lmg()lh—:”\a) = 1. Thus, in particular, Ng is long-range
dependent by Corollary 4.

— Finally, if @ (%) = log(1+1), we have lim; _, o+ 20} — 1 and then 7(04) = 1.
This means again that eg (f; —A) is integrable in (0, +00) and then Ng is short-
range dependent.
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