COMPLETE MONOTONICITY OF DISCRETE EQUATIONS AND RELATED
RESULTS

RUI A. C. FERREIRA

ABSTRACT. In this paper we are mainly interested in studying linear discrete Volterra difference
equations. Such equations are used within a numerous of different mathematics contexts. We are
particularly interested in the complete monotonicity of its solutions. Throughout our study we
found very interesting connections between different mathematical fields, so we believe our findings
may be useful for researchers acting on subjects such as (but not exclusively) discrete probability
theory or numerical analysis.

1. INTRODUCTION

The theory of fractional difference equations has been evolving rapidly in the past two decades,
with novel and interesting results appearing in several articles and books (cf. [6, 7, 10, 11, 12, 19]
and the references therein). It is to be mentioned that “fractional" constitutes a generalization
to the theory of difference equations [5], essentially due to the fact that one deals with equations
depending on a difference operator of arbitrary real order (see for example Definition 2 below).

In this work we study linear Volterra difference equations. We start by highlighting the fact
that, for such equations and that depend on a completely monotonic kernel, its solution is also
completely monotonic. This strong result is somehow hidden in the work by Li and Wang [15] in
which they are mainly concerned to develop numerical schemes for fractional differential equations.
We report such an important result in Section 3.1. We then relate these general Volterra difference
equations with discrete probability distributions in Section 3.2, in particular, we introduce a general
class of probability distributions that include Pillai’s et al. distribution [20] as a particular case
(the latter mentioned distribution is connected with the discrete Linnik distributions (see [4])). An
explicit representation of the probability mass function (see (8) below) is obtained by using the
recent results appearing in the literature in [8]. These sections evidenciate important connections
between Volterra difference equations, fractional differential equations and discrete probabilities.

In Section 3.3 we return to the complete monotonicity issue and we deal with the specific fractional
case, which we trust to be of particular importance given the abundance of interesting recent results
within the theory (cf., e.g., [3, 7, 21] and the references therein). Our approach here is new and uses
some known integral representations of the Mittag-Leffler function, from which we extract some
boundedness and sign properties of certain Mittag-Leffler type functions.

In Section 4 we present a presumably novel identity that emerges from our study (23). Moreover,
we dwell into a novel way of showing the notable Mittag-Leffler’s formula [23, Théoréme 9| when
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the parameters are real. The formula corresponds to the Laplace transform of the Mittag-Leffler
function.

Finally, in Section 5, we close this manuscript presenting an open problem regarding the solutions
of linear fractional difference equations. It is astonishing that, contrarily to the continuous case,

the geometry of the solutions to such equations is not yet completely known.

2. DEFINITIONS, NOTATIONS AND PRELIMINARY RESULTS

We start with some concepts needed in the sequel.

For a € R we define
Ny ={a,a+1,a+2,...} and N* ={...,a—2,a - 1,a},

where we let Ny = N.
The falling function is defined, for z,y € A C R, by

z(x—1)...(x —y+1) for y € Ny,
y 1 for y =0,
T= = I(z+1 _
ﬁforx,x—ygﬁl\l L
Oforz ¢ N"'andz —y € N1,

and the rising function is defined by
Y= (z+y- 1)L (1)

We now present the essential concepts of the discrete A fractional calculus and the discrete V

fractional calculus. We refer the reader to the monographs [7| and [11] for more on the subject.

Definition 1. For a € R consider a function f: N, — R.

The forward difference operator is defined by A[f](t) = f(t+1)— f(t), fort € N,. Also, we define
higher order differences recursively as A"[f](t) = A[A"1f](t), n € Ny, where A is the identity
operator, i.e. A°[f](t) = f(t).

The backward difference operator is defined by V[f](t) = f(t) — f(t — 1), t € Nyy1. Differences
of higher order are defined recursively by V"[f](t) = V[V 1 f](t), n € Ny, where V° is the identity
operator, i.e. VO[f](t) = ().

We proceed by introducing the definitions of fractional sum and difference with the A operator.

Definition 2. Consider a € R and let f : N, = R. Then we define the A-fractional sum of f of
order v > 0 to be the function AV f : Ngtp—1 — R given by

e T S~ (s 4+ 1))2=Lf(s), if t € Noyo,
Aa f(t)_{ 5( )ift:a—l—u—l.

We also put A f(t) = f(t).
The Riemann—Liouville A-fractional difference of f of order 0 < a <1 is defined as

ASF(t) = AA; O f(t), € Nasi—a,
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while the Caputo A-fractional difference of f of order 0 < a < 1 is defined by

CATF) = A TVASE), tE Najia,
The corresponding definitions for the V operator are the following.

Definition 3. Consider a € R and let f : Nyy1 — R. Then we define the V-fractional sum of f of
order v > 0 by

VU f(t) = { [gfu)z_%i:ail(t — (s = 1) Lf(s), ift € Nayo,

We also put V;f(t) = f(t).
The Riemann-Liouville V-fractional difference of f of order 0 < a <1 4s defined as

Vaf(t) =VIVeUOS®),  t€Naya,
while the Caputo V-fractional difference of f of order 0 < a <1 is defined by
OVeF(t) =V, TIVH(E), t € Nayr.

As is usual we define the (classical) Mittag-Leffler function and the two-parameter Mittag-Leffler

function by, respectively,

Ba() =S =2 and Ens(x)=S — >  BER.
(2) kZ::o Tha+1) 8(2) g That ) @70 F¢€

As it was mentioned before, we are mainly concerned with the completely monotonicity of se-

quences. The concept follows.

Definition 4. [27, pag. 108] We say that a sequence u : Ng — R is completely monotonic if
(=1)™A™u(n) >0, m,n € Np.

The complete monotonicity of a sequence is related to the Hausdorff moment problem. The

following characterization of a completely monotonic sequence is due to Hausdorff.

Theorem 1. |27, Theorem 4a| A sequence u : Ng — R is completely monotonic if and only if

1
u(n) = / t"da(t),
0
where a(t) is a bounded and nondecreasing for t € [0, 1].

For example, the sequence u(n) = %H is completely monotonic since u(n) = fol t"dt. However,
in general, Theorem 1 is of difficult application.

More recently Liu and Pego obtained a novel characterization of a completely monotonic sequence,
which is based on generating functions and is of very practical use. In order to enunciate it one

needs the concept of Pick function.

Definition 5. A function f is a Pick function if f is analytic in the upper half plane H = {z € C :
Im(z) > 0} and leaves it invariant, satisfying Im(z)Im(f(z)) > 0 for all z in the domain of f.
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Given a sequence u : Ng — R, its generating function is defined by F,(2) = Y oo u(k)2"

Theorem 2. [16, Theorem 1| Let u : Ny — R be a sequence with generating function F,. Then,
u 1s completely monotonic if and only if Fy, is a Pick function that is analytic and nonnegative on
(—o0,1).

3. VOLTERRA DIFFERENCE EQUATIONS

3.1. Complete monotonicity. Let x : Ny — R and A € R be such that 1 4+ Ax(0) # 0. Consider

the Volterra difference equation

n)=1-XY k(n—7u(r), neN, (2)

where v : Ng — R is the sequence to be found and we are assuming that empty sums are equal to
zero, i.e., 3.0_, g(1) = 0 for any function g. It is well known that (2) has a unique solution w, .
In fact, an explicit representation of the solution of (2) was recently obtained in [8] and we will
evidenciate it shortly after.

Put q((ll)(n) = ¢(n) and q((lm)(n) = (q * qc(lm 1))a(n), m € Ng, where * denotes the discrete

convolution, i.e.,
n—1

(f*9)a(n) = fln—7—1+a)g(r), neN,.

We then have: B
Theorem 3. [8, Theorem 5| Let A € R be such that 1 + Ak(0) # 0. Then the solution of (2) has
the following representation,
— kEn—1
k)
Uk \(n) = 1+)\/<; ( ;<1+M )Zm ), n € N. (3)

Observe that it follows from (2) that «(0) = 1 independently of the kernel .

Remark 1. The previous result was enunciated in [8] in a differential form. Indeed, (3) is the

solution of the following initial value problem (cf. |8, Theorem 5|)
“Dywpoyu(n) = —Au(n), neN,
u(0) =1,

where k (in (2)) and & form a Sonine pair and CD{(;{);O} is the generalized discrete Caputo operator

(cf. |8, Section 2]).

Li and Wang introduced in [15] the concept of complete monotonicity-preserving numerical meth-
ods for fractional ordinary differential equations, in which the discrete convolutional kernels inherit
the complete monotonicity property as the continuous equations. In particular they studied the
complete monotonicity of equations of the type given in (2). The following result is of interest per
se and should be highlighted.
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Theorem 4. [15, Theorem 4.2| If  is completely monotonic and X\ > 0, then the solution of (2) is

completely monotonic.

Proof. For completeness we show here that the generating function of the solution u of (2) is equal

to the generating function given by [15, (4.6)].

We have,
Fu(z)=(1-2)""- Aiém(r — T)u(r)2"
—(1-2) - Aium im(r — 1)
-2ty u(T)zTiﬁ(r)zr

from which we arrive at
(1 —2)"1 4+ AF(2)
1+ AFi(2)

In [15, Theorem 4.2] the authors concluded by using Theorem 2 that u is completely monotonic. [

F.(z) =

Remark 2. [t is expectable that Theorem 8 may turn useful in the development of numerical schemes
for Volterra integral equations, in particular, to fractional differential equations. Indeed, (3) fur-

nishes a representation of the solution for the discrete equation used in the numerical scheme [15].

Remark 3. We note that Theorem 4 is the discrete analogue of a theorem due to Friedman |9,
Theorem 8|. Essentially, this result indicates that the solution of a linear Volterra integral equation

with a completely monotonic kernel is completely monotonic.

Example 1. Let A > 0 and consider

(n+1)°°t

~ 7 <1 Np.
Tla) O<a<l neNy

Ka(n) =

Using (1) and |7, Proposition 1.6] repeatedly we get

n+a-— 1)76“_’”_1

ATha(n) = I'ao—m)

, a€(0,1), A™ki(n)=0, meN.

Therefore, (—1)"A"kq(n) > 0, i.e., Ko is completely monotonic. By Theorem 4, the solution of

the Volterra equation
- (n—71+ 1)E
u(n)=1- )\TZ:; Tu(ﬂ, n € Ny,

is completely monotonic. In particular, when o = 1, the solution is easily seen to be uy(n) =

n
<1%\> , and it is well known to be completely monotonic (see for example [27, pag. 108]).
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3.2. Probability distributions. In this section we wish to approach the Volterra difference equa-
tion (2) in terms of the theory of probability distributions. In order to motivate it, we start with
Pillai and Jayakumar work [20, Section 2| in which they introduced discrete Mittag-Leffler distri-
butions based on generating functions (cf. [20, (2.2)]).

Let 0 < p,a < 1. From |20, Section 3|, we know that the probability mass function a : Ny — R

satisfies the recurrence relation,
a(0) = p, (4)

n—1
a(n) = (l—p)kzo(—l)k<k+1>a(n—l—k), n € N. (5)

We now show that the sequence a defined above satisfies a fractional difference equation.

Proposition 1. Suppose {a,p} € (0,1). Then, the sequence defined by (4)—(5) satisfies the following
initial value problem (IVP),

VZa(n) = — 1a(n), n e N, (6)
a(0) = p. (7)
Proof. We have, for n € N,
n—1
a(n) = (1=p) Y (=" (T Ja(k)
! k=0 <n B k)
n—1 n—k
_ n—1—k a—
= (1) S0 S et
(—a)"F
_ n—1—k - n—k
= (=) U gy e
n-1 (_a)n—k
= p)kzzo_l“(n—k—i—l) (k)
— F'(n—Fk—«)
=D i 1™
n-1 n— —a—1
-0y "R )
k=0
" (n— —a—1
-3 "L el - (- Dalo)
k=0
- o “(n—k+1)7 !
pai) = 0= 1) 32 P p k)
and finally,

where the previous equality follows from [11, Theorem 3.62]. The proof is done. O
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Remark 4. The previous Proposition provides further “evidence” of Pillai and Jayokumar call-
ing “Mittag-Leffler” to their distribution. Indeed, in the theory of discrete fractional calculus and
in analogy with the theory of continuous fractional calculus, the solution of (6)—(7) is named as

“Discrete Mittag-Leffler function” (see [11, Definition 3.98 and Theorem 3.100] ).

We now provide the explicit solution to the IVP (6)—(7), which we emphasize was not given in
[20].

Theorem 5. Under the hypothesis of Proposition 1 we have:

- & k+ 1\ (n+ 1)kE+i-ra-1
_ 1) (_ )kJrl (_1)r Cnen. (8)
kzo ! ; < r ) M((k+1-r)a) 1

Proof. In order to prove (8) we make use of the recent result obtained in [8, Corollary 2|. It provides,

in particular, the solution to the Caputo initial value problem (recall also Remark 1):

Vv uln) = . P _um), neN, 9)
u(—1) = 1. (10)

Indeed, we have,

S k4 1\ (n + D)EFI0a (4 )(EH-na
u(n) = (1-p) <1+kzzo( k+1z ( ) Tk t1—r)atD) , n € Np.

Now, note that by applying the operator V to both sides of (9), we obtain

VOV u(n) = ]%Vu(n), n € N,

that is equivalent to (cf. [11, Lemma 3.108)),

V[ Vul(n) = jVu( n), ne€N.

Define a(n) = —Vu(n) for n € Ny. Then, a(0) = —(u(0) —u(—1)) = 1—(1—p) = p and a obviously
satisfies (6), therefore, by the uniqueness of solution to the IVP (6)—(7) we are left to calculate Vu.
Using the Leibniz formula [11, Theorem 3.41] and the nabla power rule |11, Theorem 3.3|, we obtain

-1 -
_ n (]{7 +1— 7’) (n + 1)(k+1fr)a71
Vu(n)=1-p)) (- k+1z < ) el DT

k= 0
n— 1 T i—ra—1
+ 1)(k+1—r)a—1
—(1- )kt (n N
=p) 2 Z ( )r<<k+1—r>a>’ new
hence (8) is shown and the proof is done. O

Remark 5. We would like to mention that in a paper by Christoph and Schreiber, in which discrete
Linnik distributions are studied, they calculate the probabilities referring to the discrete Mittag-
Leffler distribution introduced by Pillai and Jayakumar (4)—(5) (cf. [4, Section 1.3]). The formula
presented therein |4, Theorem 1.3.1]) is (with f =1 and v = «):
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S (5)(2). v

b(n) = (-1)"p > (p—1)"
m=0 7=0

The uniqueness of solution to the IVP in Proposition 1 implies that b(n) = a(n) for all n € Ny, with
a given by (7) and (8).

Remark 6. It is easy to show that when a = 1, we obtain the probability mass function for the
geometric distribution:
a(n) =p(1 —p)", n e N

Therefore, Pillai and Jayakumar probability function is a generalization of the geometric one.

Motivated by what was seen above, we next introduce a very general probability distribution
function. Before we do it, let us observe that for a completely monotonic sequence u, lim, o u(n) =
0 if and only if lim, ,;- (1 — z)Fy(x) = 0 (cf. [17]).

Suppose that A > 0 and & is a completely monotonic kernel, and let the sequence u, x be given
by (3) (it is completely monotonic by Theorem 4). We have seen in the proof of Theorem 4 that its

generating function is

(1—2)"1+AF(2)

F = 11
U, \ (Z) 1 + )\FH(Z) ( )
Let us assume that
lim (1 —2)F,,_ ,(z) =0.
z—1— ’
Then, we define the probability distribution function D : Ny — R associated with wu, » by
D(n) =1 —u,x(n).
For completeness, let us show that for Pillai’s et al. distribution, i.e., for when kq(n) = %’

we have lim,_,;- (1 —x)F,, , (r) = 0, where u, is the corresponding solution of (2). Indeed, since
F. (x)=(1—2)"% we get, by (11),

L+ A1 —z)l~@
() = lim M- z) =
z—1- 1+ )\(1 — l’)fa
We close this section by presenting a discrete distribution that we could not find in the literature.

lim (1 —x)F,

U\
r—1— «

We take advantage of the fact that the sequence (1/(n+1))nen, is completely monotonic by Theorem
1. So, let

1
= ) 12
() = (12)
Then, its generating function is
In(1 —
Fn(m):—n( x)’ r <1

Therefore, by (11), we get

1— A1 —z)0=2)
A—a)Fy, () = 2D

—0, asxz — 1.
1— )\ln(lg;x)

Hence, we deduce that D(n) = 1 — u, \(n) is a probability distribution, where u, ) is the solution

of the linear Volterra difference equation (3) with & given by (12).
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3.3. Fractional difference equations: another approach to complete monotonicity. In
this section we will consider specific kernels leading to the theory of fractional difference equations.
We will start with the “nabla (V) case" and later we deal with the “delta (A) case".

It is known' that the solution of the initial value problem

“Vou(n) = —du(n), neN, A#—-1, 0<a<l, (13)

or, equivalently, of the Volterra difference equation
" -
(n—k+ 1)‘*‘1
=1-A ———u(k eN 15
u(n) ; F(Oz) U( )7 n 0 ( )

is given, for |A| < 1, by the series (cf. [11, Lemma 3.141])

e}

B I'(ka+n)
uoc,)x(n) - Z(_)‘)kr

2 m, n € Np. (16)

It is understood in (16) that uq (0) = 1. Now, observe that
(=) I'(ka +n)
I'(n)'(ka +1)

kf[)oo e—ttka+n—1dt
() (ka + 1)

Ug A (n) =

¢ D¢

(=)

k=0

Yl e
_/0 ¢ Ey B (A (17)

where the interchange of the summation with the integral is justified by the dominated convergence
theorem. Lizama [18] obtained the representation (17) for a shifted problem with respect to (13)—
(14), but it was deduced in a more general setting than ours and we are not certain if it was obtained

as in the equalities leading to (17). In any case, we show next that, as long as the integral in (17)

is well defined, then it is the solution of (15).

Lemma 1. Let 0 < a <1 and X € R be such that

00 75n—1
o = B (=\tY)dt N
u ,)\(Tl) /0 e F(n) ( ) ) n € No,

is well defined. Then, uq x solves (15).

Proof. Tt is is very well known that (cf. [14, Section 4.1.3]

Eo(—M\) = 1—A/t(t;3)a_1
0

@ Ey(—Xs%)ds.

1Probably the first appearence of such functions as solutions of linear fractional difference equations was in the
work by Atici and Eloe [1] and this solution was derived in total analogy with the continuous case.
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Consider n € N (recall that we have agreed that u, (0) = 1). We have,

o] tn—l 00 tn—l t (t _ S)a—l
Ug A (N) = et dt — )\/ et / Ey,(—Xs%)dsdt
s = [ T T ) o B
00 [ee] tnfl t— a—1
- )\/ Ea(—)\s“)/ A Gl ) WD
0 s

I'(n) TI(a)
o [Troa [T,
=1- )\:Z:) <n ; 1) /000 e_sEa()\Sa)S:,_(;;k ds /000 e_“ukFJEZ;ldu
—1- Anzl kifo‘(a /OO eSEa(—Asa)lf(T__;ds
n—1 )

where at some point we have used the Binomial Theorem. The proof is done. O

Remark 7. [t is nowadays a classic result that the Mittag-Leffler function Eo(—x) is completely
monotonic for v > 0 and a € (0,1] (cf. [13, Proposition 3.23]). Recall that a real valued function
defined on [0, 00) is completely monotonic if (—1)™ f™) (z) > 0 for allz > 0 and m € Ny. Therefore,
Eo(—At*) with A > 0 is nonnegative and bounded, in particular, (17) is well defined.

The following result is crucial for our purposes.

Lemma 2. Let m € Ny and 0 < o < 1. Then, the function Eq o—m+1(—2) is bounded on [0, 00)
and

>0 ifm s odd,

<0 ifm is even.

Ea,a—m—i—l (—.’L‘) {

Proof. We start with m = 0. By the well known equality [13, (4.2.3)], we may write

1—FE,(—x
Ea,onrl(_fE) = ;()7

from which we immediately infer that

0< Eaaq1(—2) <=, z>0.

8| =

Eaa( z)

Therefore, limg o0 Eq a+1(—2z) = 0. Moreover, since E, (—z) = — , we obtain by L'Hopital’s

rule

. . Ea a(_x) 1
| E —x)=1 : = .
xi{(r)h a,a—i—l( J’.) xi}%lJr o F(a + 1)

Therefore E, o+1(—2) is bounded and nonnegative on [0, c0).

Now, suppose that m € N and x > 0. From [22, (4.51)|, we have the following representation for
the Mittag-Leffler function:
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sin(m(a —m + 1)) / yotm=le=y
Fqa- —x) = d
asa-m+1(=2) v 0 Y24 2zy® cos(ra) + a2 Y
_Ctn) [ e
B 7r 0 Y2+ 2xy® cos(ma) + a2 v

Let y > 0. We have,
y?Y 4 2xy® cos(ma) + 22 = y**(1 + 2 cos(ra)u + u?), with u = y% > 0.

It’s easy to see that 1+ 2cos(ma)u + u? > sin?(ra), hence

1

7 sin(ar) F(m —a),

’Ea,a—m—l-l (—1‘) ’ <

i.e., Eqa—m+1(—2) is bounded and its sign is immediately seen. The proof is done.

Lemma 3. Let m € N and n € Ny. Then,

(_1)m+1

(1) AMug A (n) = )\m

oo
/ e T B, 0 ma1 (—AEY)dt.
0
Proof. In order to avoid problems with the case n = 0, we write u, ) in the equivalent way

oo nta 1
ua7>\(n) =1- )\/0 C_tWEa7a+]_(—)\ta)dt, n e N().

By Lemma 2 the sequence u, ) given by (19) is well defined.

11

(19)

We now show that (18) holds for m = 1 and then the result follows easily by induction on m.

We have,

L(n+1)
1

tn+a 1
_Au(n) = A / -+ (t = 1) Eosr (—\E%)dt
/\/ e‘tL(t—n)taE (—\tY)dt

n

t oo o0 tn
Moe e 4B (A A QT ) NS VEAY
[e T v ) Eee( )]0+ L eyt Ba)

o) . tn—l—oz—l
A B (=AY,
/0 C T+ @ (=X%)

where we have used the formula

d - a - a
%[tb Eap(0t)]) = 1" By (wt),

The proof is now concluded.

Now it follows immediately the following

Corollary 1. For A > 0 and 0 < o < 1 the solution of (15) is completely monotonic.
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As mentioned at the beginning of this section we now address the “delta A case".

Consider the following initial value problem:

CAL ju(n)=—-Au(n+a—1), teNy 0<a<l, (20)
u(la—1) =1 (21)
In passing we note that, when a = 1, the problem above reduces to Au(n) = —Au(n) and u(0) =1

whose solution is u(n) = (1 — A\)™. For A € (0,1) it is completely monotonic. Now, with o < 1 and
0 < A < a it is known that (20)—(21) has a nonnegative and decreasing solution (cf. |7, Corollary
3.17 and the proof of Theorem 3.22|). However, the solution is not completely monotonic (see Figure

1) being that a considerable difference to the “nabla case".

0.03

002

001 °

FIGURE 1. A2u(n) for n € [0,10] N Ng with o = 4/10 and \ = 3/10.

4. THE LAPLACE TRANSFORM OF THE MITTAG-LEFFLER FUNCTION

Consider again the initial value problem (13)—(14). Its solution has the following representation
(cf. [8, Corollary 2]):

1 n—1 Y k k-1 . k n(kfr)a _ k(kfr)a
ug A (n) = T <1 + Z <1+)\> 0(—1) <r> T —rat 1) > , neN. (22)

k=1 T

By Lemma 1 and the uniqueness of solution to (13)—(14), we obtain the interesting equality

oo tn_l 1 n—1 )\ kk—1 k n(k—r)oz _ k(/c—r)a
-t 4 _ - A 4y
/U e F(n)Ea( Xt = <1+Z<HA> EO:( 1) <T> NCEnrE neN,

k=1 r=
(23)
provided the left hand side is well defined. Observe in particular for n = 1 that
b TEo (M) dt = —— 24
| e = (24)

which is nothing else but the Laplace transform of Mittag-Leffler’s function, which was obtained in
his remarkable work [23, Théoréme 9|. Indeed, Mittag-Leffler uses complex analysis theory to study
the left hand side of (24) and determines the exact set (in the complex plane) where the integral is
well defined.
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In what follows we show that the integral in (24) (and (23)) exists if A € (—1,00). To the best of
our knowledge we use a new method to accomplish it, which was probably unknown to Mittag-Leffler
himself since we use the fact that his function is the solution of a fractional differential equation.
We also emphasize that we do not use here the fact that the Mittag-Leffler function (MLF) is a
completely monotonic function as this is usually proved by using contour integration to obtain an
integral representation of the MLF. However we could not find an elementary argument to show
that the integral in (24) diverges for A\ < —1. In particular, it would be interesting to prove the
inequality F,(t%) > e’ (t > 0) without appealing to complex analytic methods and the known
integral representation for the Mittag-Leffler function [22, Art. 67].

We proceed using only real analytic tools.
Lemma 4. Let A >0 and a € (0,1). Then 0 < E,(—=At*) <1 for all t > 0.

Proof. Tt is well known that y(t) = E,(—At®) satisfies the initial value problem (cf. [14, Example
4.9])

“Dory(t) = —ry(t), >0, (25)
y(0) = 1. (26)
The Caputo derivative, being continuous on [0, c0), has the following representation (cf. [24, The-

orem 5.2 and |25, Theorem 4.3 and Remark 4.4]):

D50 = e (P e [0 - o)as ) e

'l —-a) o
Suppose that T > 0 is the first time where y(7T") = 0. Then, since y(0) > 0, we get the contradition
1 —y(0) /T o
0="CDory(T) = T —s)"* ! (—y(s))d :
(0 = iy (T o [ s s ) <o

Therefore, y(t) > 0 for all ¢ > 0.
Now observe that, by (25)-(26), there exists § > 0 such that ¢ Dgy(t) < 0 on [0,6), from which
y(t) < y(0) =1 on [0,6). Suppose that M > ¢ is the first time such that y(M) = 1. Then again we

get a contradiction:

M
A= D2 y(M) = 1“(11—a) <oz/0 (M — s)o1(1 — y(s))ds) > 0.

Therefore, y(t) < 1 for all ¢ > 0 and the proof is done. O

Corollary 2. If A € (—1,00), then the integral

) tn—l
et E,(—X\t*)dt,
f) e el

is well defined and, therefore, (23) holds.

Proof. We already noted in (17) that the integral exists when |A| < 1. It is worth mentioning that
the convergence of the series therein might be shown by using the elementary inequality on the ratio

of gamma functions due to Wendel [26]. The result now follows by Lemma 4. O
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5. OPEN PROBLEM

We have seen that the solution of the initial value problem (13)—(14) is explicitly given by (22).
Recall that when o = 1 we get,

1
uia(n) = ESE n € No.

It is readily seen that, for A < —1, the sequence oscillates in the sense that u y(n)u;x(n+1) <0
for all n € Ng. We wonder about what is the oscillating behaviour of 4,y when 0 < o < 1 and
A < —1 (we note that, when A > —1, the solution u, ) is positive by Corollary 2). It can be seen in
Figure 2 that the sequence might not oscillate at every point, so the pattern as when o = 1 might

be lost.

04

02-

-02/}
~04
-06

-08 -

FIGURE 2. uy/9 _3/2(n) for n € [1,30] N N.

However, Figure 3 below suggests that u; o _7/5(n)u1 /2 _7/5(n + 1) <0 for all n € Ny

.
L L ]
[ L]
4 .
-
| . * .
2, o °
[ 5 10 15 20 25 30
_2l
* . . 15 l l
r .
4 . l
2 -
L]
° .
-6 !

FIGURE 3. uy/9 _7/5(n) for n € [1,30] N N.

Numerical simulations provide evidence that one of the two patterns mentioned above will occur,
being the turning point: A = —2¢. It is remarkable that this point is related with the stability or
solutions of fractional difference equations (cf. [2]).

We couldn’t obtain any result characterizing the oscillatory behaviour of the solution to the initial

value problem (13)—(14) and we leave that as an open problem.
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6. CONCLUSION

This work has ultimately the goal of unvealing several connections between discrete Volterra
equations of convolution type and other fields of mathematics. Moreover, it has also a historical
perspective by revisiting the Laplace transform obtained by Mittag-Leffler himself in the XX century.

For the future we leave an open problem for any researcher interested in this topic.
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