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1 Introduction

In this work, we study the following semidiscrete Cauchy problem:

d;u(n,t) = Bu(n,t) + g(n,t), neZt>0,

(1.1)
u(n,0) = ¢(n), nez,
where B is the convolution operator in the discrete variable, that is,
Bu(n,t) = " b(n - j)u(j,?) (12)

JEZ

with b belonging to the Banach algebra £!(Z). A typical example is the one-dimensional
discrete Laplacian A4, which can be obtained by taking b = §_; — 28¢ + &1, where §;(j)
denotes the Kronecker delta (or discrete Dirac measure). In such a case, equation (1.1)
corresponds to the nonhomogeneous semidiscrete diffusion equation (also known as the
semidiscrete heat equation or the lattice diffusion equation).

The analytical study of such equations has received an increasing interest in the last

decade, mainly due to many their applications in diverse areas of knowledge. For instance,

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by

L]
@ SP rlnger statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a

copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.



Gonzélez-Camus et al. Advances in Difference Equations (2021) 2021:35 Page 2 of 32

in probability theory, the value u(n, t) in (1.1) with B = A, describes the probability that a
continuous-time symmetric random walk on Z visits a point # at time ¢; see [25, Sect. 4].
In chemistry, (1.1) describes the flow of a chemical in an infinite system of tanks arranged
in a row, where each two neighbors are connected by pipes [42, Sect. 3], and in transport
theory, (1.1) describes the dynamics of an infinite chain of cars, each being coupled to its
two neighbors. The value u(n; t) is the displacement of car # at time ¢ from its equilibrium
position; see [24, Example 1]. From an analytical point of view, quite recently, Slavik [43]
studied the asymptotic behavior of solutions of (1.1) when B = A, showing that a bounded
solution approaches the average of the initial values if the average exists. Note that choos-
ing b =38_1 — 8 in (1.2), we obtain the forward difference operator B = A, and hence (1.2)
corresponds to the semidiscrete transport equation, studied recently by Abadias et al. [1].

It is interesting that in [22] and [37] the authors studied the fundamental solutions of
(1.1) and the second-order semidiscrete equation

duu(n, t) = Bu(n,t) + g(n, t), nez,t>0,
u(n,0) = p(n), u;(n,0)=¢p(n), necw,

(1.3)

when B = —(-A,)* is the discrete fractional Laplacian. Particularly, in [37] the authors
combined operator theory techniques with the properties of the Bessel functions to de-
velop a theory of analytic semigroups and cosine operators generated by A; and —(—A,)%.
Also note that the fractional forward difference operator B = —(—A)* was studied in [1],
where the maximum and comparison principles in the context of harmonic analysis are
proved.

However, to our knowledge, to date, there is no attempt to investigate the fundamental
solutions of the general equation (1.1) in a unified way. Our goal in this paper is to propose
a solution to this problem.

Our key observation concerning this issue is that the discrete fractional Laplacian can be
obtained from (1.2) by allowing the fractional powers of b to be an element of the Banach
algebra £1(Z). This original approach, which we provide in this paper, allows us to obtain
new insights by introducing a completely new method to analyze both qualitative behavior
and fundamental solutions of (1.1) in a unified way.

More generally, to provide simultaneously in our analysis the subdiffusive and superdi-
fussive cases associated with equations (1.1) and (1.3), in this paper, we include a repre-
sentation of the fundamental solutions for the following semidiscrete equations:

]D)fu(n, t)=Bu(n,t) +gn,t), neZ,t>0,

(1.4)
u(n,0) = p(n), new,
incase0< B <1and
Dfu(n, t) = Bu(n,t) + g(n, ), neZ,t>0, (L5)

u(n,0) = ¢(n), u,(n,0) = p(n), nex,

in case 1 < B < 2. In both cases, B is the convolution operator Bf (n) := (b x f)(n) on ¢#(Z),
p€l,00], b€ (Z),and B € (0,2]. The symbol ]DJﬁj denotes the Caputo fractional deriva-
tive of order 8 > 0.
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We observe that although the present study considers only the cases 0 < 8 < 2 because
they are the most common in applications (that is, subdiffusion and superdiffusion) to-
gether with the fractional Caputo derivative, our method is general enough to consider a
larger order B and other nonlocal operators in time. For example, in Sect. 6.4, we consider
the new Caputo—Fabrizio fractional derivative of order « € (0, 1) and give a representation
of the solutions for the corresponding equation (1.4).

This paper is organized as follows. In Sect. 2, we consider the Banach algebra frame-
work to state our main results, which we will present in the forthcoming sections. In
particular, we introduce generalized Mittag-Leffer functions on the Banach algebra ¢(Z)
and collect some basic properties. Our main result is Theorem 2.6 concerning the in-
variance for convolution operators defined on ¢#(Z) for 1 < p < co. Section 3 is devoted
to four finite difference operators: backward and forward difference operators, the one-
dimensional discrete Laplacian, and an operator that originates in connection with crystal
lattices [16]. Then we explicitly describe their associated groups and cosine operators by
means of Bessel functions and highlight their main spectral properties. Section 4 begins
with three concrete examples of application of the results in the previous section: the dis-
crete Nagumo equation, transport equations, and a new interesting second-order discrete
equation, which we call the De Juhasz equation, appearing in the seminal Bateman’s paper
[16] in connection with surges in springs and connected systems of springs. Then we state
the general fundamental solutions for (1.4)—(1.5), first, in the setting of Banach algebras
(Theorem 5.1) and then for convolution operators (Corollary 5.5). In Sect. 7, we give ex-
plicit representations of generalized Mittag-Leffer functions in each case of the fractional
powers of the four finite difference operators considered previously (Theorem 7.1). This
result, combined with the general fundamental solutions considered in Theorem 5.1 and
Corollary 5.5, gives not only explicit representations of each of the four difference opera-
tors considered in this paper — which can be considered as examples — but also an efficient
method to obtain representations of solutions in many other cases. Besides, as a byproduct
of our treatment, we obtain new Weiestrass formulae, which highlight the role of Bessel
functions for finite difference operators, and a subordination principle, which connects
the Wright and Bessel functions. For convenience of the reader, we finish this research
with an appendix on useful properties of some special functions needed in this paper.

Notation. T = {e? : 6 € [-, 7))} is the one-dimensional torus. The Dirac measures &,
and §, are §,(j) =0 if n #j and §,,(n) = 1 for n,j € 7. Given a Banach space X, X’ is the dual
of X, and B(X) is the set of linear bounded operators on X; given A € B(X), we A" € B(X")
is the adjoint of the operator A. We denote by x; the indicator function of a set I (i.e.,
xi(n)=1if neland x;(n) =0 if n ¢ I). Furthermore, I, and J,, are the Bessel functions.
The usual set numbers N, Ny = NU{0}, Z, R, and C are used. Furthermore, I" is the gamma
function, ®g is the Wright function (Sect. A.1), E, g is the Mittag-Leffler function, I, and
J. are the Bessel functions (Sect. A.2), and the stable Lévy distribution is denoted by f;
(Sect. A.3).

2 A Banach algebra framework
Given 1 < p < 00, we recall that the Banach spaces (¢7(Z), || - ||,) are formed by biinfinite
sequences f = (f(n)),cz C C such that

1l = (Z [f(n)|1”> <00, 1<p<oo,
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1f lloo := sug[f(n)| < 00.

We recall the natural embeddings ¢}(Z) < €#(Z) — £>(Z) for 1 < p < oo and that the
dual of ¢7(Z) is identified with €7 (Z), where [l? + % =lforl<p<ooandp=1ifp =o0.
In the case of f € £}(Z) and g € €#(Z), we define

(fg)m)=Y_ fln-)g(i), ne

Jj==00

From Young’s inequality it follows that f * g € ¢#(Z). Note that (¢!(Z), ) is a commutative
Banach algebra with identity 8y := x(0;. We observe that §; %8, = 6, and, in general, §,, %5, =
8yem for mym € 7.

The Gelfand transform associated with (£1(Z), %) is the discrete Fourier transform F :
¢(Z) — C(T) (or Fourier series), where

fO):=F(f) (") =D fme™, 0€eT.

nez

We recall that the spectrum of f, denoted o1z (f), is defined by
ong(f)i={reC: (A& -f)" e (Z)}.

In what follows, we consider the general theory of commutative Banach algebras as a
framework. We collect the results that will be of our interest in the following theorem.

Theorem 2.1 The following properties hold:
(i) The spectrum Spec(£X(7Z)) is compact and, consequently, homeomorphic to the unit
complex circle T:={z€ C:|z| =1}.
(ii) ong () ClzeClzl <|fll}, and

(8o =) =D A f <Al 2.1)

n>0

(iil) The algebra £X(Z) is a semisimple regular Banach algebra, and the discrete Fourier
transform F is injective.

(iv) F(f xg)=F()F(g),and
ou(f) =FF)TD), fel(Z). (2.2)

Proof The first claim follows from the fact that the algebra £!(Z) has an identity; see, for
example, [35], and the second one can be found in [35, p. 116]. The proof of (ii) is straight-
forward. From [35, Theorem 4.7.4] it follows that £}(Z) is semisimple and F is injective.
By [35, Corolary 7.2.3] £1(Z) is a regular Banach algebra. Statement (iv) is taken from [35,
Theorem 3.4.1.]. O

We observe that the range of the Gelfand transform is the Wiener algebra A(T), the
pointwise algebra of absolutely convergent Fourier series, that is, F(e”) = Y, f(n)e?",
(0 € T) with f € €(Z). For F € A(T), we also write F(z) = Y, f(n)z" for |z] < 1.
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The inverse discrete Fourier transform is given by the expressions

FUE)n) = - / "R dn - — [ FeE

= — nez,
2 J_, 278 J 721 "

for F € A(T) (and for other functions in larger sets).

The classical formulation of Wiener’s lemma characterizes the functions F € A(T) that
are invertible in A(T) as follows. For F € A(T) where F(e?) = Y, _, f(n)e®" for 6 € T,
F(e”) #0 for all § € T if and only if 1/F € A(T), that is, (1/F)(e?) = Y., g(n)e?” with
(g(n))nez € €1(Z); in this case, f * g = 8 [32, Theorem 5.5].

Recall the definition of the classical Mittag-Leffler function (see (A.3)). We now intro-
duce the following definition.

Definition 2.2 For o, > 0, we define the vector-valued Mittag-Leffler function E, g :
NZ) — €X(Z), by

oo

E, =)y — Nz).
) ;F(aj+ﬁ) act'(z)
Note that
E()i“’“ En@)=3 2
1,1\4) = =€ 2,1\a) = e
A = )

The set exp(¢1(Z)) := {e*%;a € £(Z)} is the connected component of §; in the set of regular
elements in £(Z) [35, Theorem 6.4.1].

We follow the usual terminology in semigroup theory: the element « is called the gen-
erator of the entire group (e**),<c; the cosine and sine functions are defined as Cos(z, ) :=
E,1(z%a) and Sin(z, a) := zE,5(z%a). We have

Sin(z, a) =/ Cos(s,a)ds, zeC,
[02]

for a € £1(Z); see [10, Sects. 3.1 and 3.14]. Moreover, the Laplace transform of an entire
group or a cosine function is connected with the resolvent of its generator as follows:

oo
r-a)t :/ e e"ds, A>|all,
0

A(Az - a)_l = / e Cos(s,a)ds, 1>+/lal; (2.3)
0

see, for example, [10, p. 213].

Example 2.3 For «, B >0, we have

> 25
Eop(20) = Eap(2)80;  Euplzdy) =)  ————.
= Tj+p)

. Js: 2.
In particular, ¢t = 3%, % and Cos(z,81) = 35 ?2_1){ are generated by 4;.

Page 5 of 32
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Considering generalized versions of the Mittag-Leffler function, as well as of other hy-
pergeometric series, as presented, for example, in [3—5], more examples can be easily de-
rived.

In the next proposition, we collect some basic properties of these vector-valued Mittag-
Leftler functions. As usual, we consider Bochner vector-valued integration in the Banach
space £1(Z); see, for example, [41, Sect. 1.2]. For the definition of the Wright function ®,,,
see the Appendix, formula (A.1).

Proposition 2.4 For «, 8 >0 and a € £'(Z), we have:
(@) Exp@ll1 < Egp(llall).
(il) F(Eqp(a) = Eyp(F(a)); in particular, F (™) = &7 @ and
F(Cos(z,a)) = Cos(F(z),a) for z € C.
(iil) op1z)(Ee,p(@)) = Eqp(001z)(a)).
(iv) The following Laplace transform formula holds:

o0
/ e P ER (e a)de = ke P (1 -a) )Y, RG> el (24)
0

fork e NU {0}.
(v) ForO<y <1,E, (a) = fooo D, (t)e™ dt.

Proof Proofs of parts (i) and (ii) are straightforward. Part (iii) is the spectral mapping theo-
rem shown in [35, Theorem 6.2.1]. Since the algebra £1(Z) is semisimple (see Theorem 2.1),
formulae in (iv) and (v) are direct consequences of the scalar identities [39, formula (180),
p. 21]. O

Given a € ¢}(Z), the modified Mittag-Leffler function S, 4 : (0,00) — €1(Z), which we
define by

Sep(t,a) = tﬁ_lEa,lg (to‘a), t>0, (2.5)

isa (gy,gp)-regularized resolvent family generated by a in the algebra ¢!(Z). For the defini-
tion of (gy, gp)-regularized resolvent families and more detail in the general case of linear
and bounded operators in a Banach space, we refer the reader to [2, Sect. 4] and the survey
[36].

We introduce the functions

e (s
Vst = ) Can e B

n=0

s, t>0,

for 0 <@ <1 and B > 0. Note that ¥y 1_4(s,£) = 4Dy (st*) for 0 < < 1.
A direct consequence of [2, Theorem 12] is the following subordination theorem.

Theorem 2.5 Let 0 <11, 0 <1y, and a € £*(Z), and let S, ,, be defined in (2.5). Then

o0
Sa,,l,a,,2+ﬂ(t,a):/ Ya,8(t,8)Sy my (s, @) ds, >0,
0

forO<a<land B >0.
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Note that in the case of 1 =2, 73 =1, and @ = 8 = % in Theorem 2.5, we obtain the

well-known relation between cosine and semigroup operators generated by a, known as
the Weierstrass formula:

e = Lt /OO e’fTZL Cos(s,a)ds, t>0, (2.6)
VL Jo

for a € £1(Z); see, for example, [10, Theorem 3.14.17].

A nice application of the classical Wiener lemma is the invariance of spectrum for con-
volution operators defined on ¢#(Z) for 1 < p < co. This issue is contained in the following
theorem that is the key abstract result in this paper.

Theorem 2.6 For a € £'(7), we define
Ab)(n) :=(axb)(n), necZ,becltP(Z). (2.7)

Then A € B(tP(Z)) for all 1 < p < oo. Moreover, |A| = ||al|l1, and for all 1 < p < oo, we
have the following identities:

s z)(A) = o zy(a) = F(a)(T). (2.8)

For all a € £Y(Z), we have that e is an entire group in (P(Z) with generator a, and for all
1 < p < 00, we have the following identities:

aBe@) (€°) = op g (¢9) = 7D, zeC. (2.9)

Proof From Young’s inequality it follows that A € B(¢?(Z)). Since the algebra ¢”(Z) has the
identity 8y, the property of the norm follows. For identities (2.8), we refer to [32, Corol-
lary 5.20]. Finally, for the spectral mapping theorem (2.9), we use (2.8) and [35, Theo-
rem 6.2.1]. O

The element a in the theorem is also called the symbol of the operator A.

Remark 2.7 1t is also straightforward to check that the adjoint operator of A is again a
convolution operator given by A’(g)(n) := (a * g)(n), where

3 Some finite difference operators in £'(Z)
An important case of finite difference operators is given by sequences in the set

c.(Z) = {a et Z):3meZ, :an)=0,Y|n| > m)}.

In such a case, the discrete Fourier transform of a € ¢,(Z) is the trigonometric polynomial

Fa)(e”) =" a(e”. (3.1)

j=m
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It is interesting to observe that if )" a(j) = 0, then 0 € 61(7)(@). This immediately fol-
lows from (2.8).

In this paper, we concentrate our study on the operators that appear in the seminal paper
of Bateman [16].

Definition 3.1 For f € ¢7(Z) with 1 < p < oo, we define the following operators:
(1) =Af(n):=f(n) = f(n+1) = ((8 — 8-1) *f)(n);
(2) Vf(n):=f(n) - f(n—-1) = (60 = 81) xf)(n);
() Agf(n):=f(n+1)=2f(n) +f(n—1) = ((6-1 - 280 + &1) * f)(n); and
(4) Aaaf(n):=f(n+2)=2f(n) +f(n-2) = (62 — 280 + 82) x ) (n)

forneZ.

We remark that when considering the above-defined operators in the context of numer-
ical analysis, the operators —A and V are related to the Euler scheme of approximation,
and the operator A, corresponds to the second-order central difference approximation
for the second-order derivative. The operator A, appears in Bateman’s paper [16, p. 506]
in connection with the equations of Born and Karman on crystal lattices in vibration.

3.1 The operator -A

The forward difference operator Af(n) := f(n + 1) — f(n) is a classical operator used in
approximation theory and in the theory of difference equations. Considering it as an op-
erator from ¢7(7Z) to ¢7(Z), our main result is as follows.

Theorem 3.2 The operator —Af = a x f, where a := §y — 5_1, possesses the following prop-
erties:

(1) The norm is given by || Al = 2;

(2) The Fourier transform is F(a)(z) =1 -z, |z| = 1;

(3) Foralll <p < o0, the spectrum is given by oprzy(-A) ={ze€ T :|z-1| =1};

(4) For|x+1]>1,

5_.
Ao +a)' =) —T—.
= (1+Ay

(5) The associated group is e**(n) = e’z(z_;:)!)(,No(n), z € C, n € Z, and its generator is
—a.

(6) The norm of the group is given by ||e™|1 =1, ¢ > 0;

(7) The associated cosine function is Cos(z, —a)(n) = %(%)_M%Ln,% (2) -, (n) for
zeCandnel.

Proof (1) The Minkowski inequality shows that |A|| < 2. Then observe that §, € ¢(Z)
with [|8o |, = 1 satisfies || Adyll, = 2, proving the claim. (2) Follows immediately from the
definition of the discrete Fourier transform. (3) Follows from formula (2.8) in Theorem 2.6
and (2).

To prove (4), we apply (2.1) to get

_ S_;
(W80 +a)™ = (L +1)8 —8_1) 1_ Z : j

+1
=0 1+Ay*
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for [A + 1| > 1. We show (5) directly:

e (n) = (eZ‘S*l * efzao)(n) = (ez‘S*1 * e’zéo)(n) = efzﬁx,No(n)
-n)!
for z€ C and n € Z. The norm |le™*||; = 1 for ¢ > 0 is straightforward from (5). Finally, to
show (7), we apply the Laplace transform and formula (A.10) to get

VT et 3y B 3
Wfo ¢ (5) Loy Ot = o5 Ao

A2+ 1)—n+1’
for n < 0. By (4) we have that

A

2 -1
Gra S M a) ), =0,

and we apply (2.3) to conclude the claimed equality and identify the generator of the cosine
function with —a. U

We remark that groups generated by A are treated in [1, Sect. 2] and cosine functions
in [16, Introduction].

3.2 The operator V
This operator corresponds to the classical backward difference operator.

Theorem 3.3 The operator Vf = a = f, where a := §y — 81, possesses the following proper-
ties:

@) IVl =2

() Fa(=1-1%

(3) Foralll <p < oo, wehave oprz)(V)={zeT:|z-1| =1}

(4) For|a+1|>1,

S:
()\.80 + ﬂ)71 = Z —1+1
=0 (1+Ay

(5) e*(n) = e‘Z%XNo(n), zeC,neZ;
6) lle*l=1,t>0;
(7) Cos(z,~a) = %X (2)™*3), 1 (2)xw(n), 2 € C, n € L.

2

Proof The proofs of statements (1), (2), (3), and (4) follow the lines of Theorem 3.2. For

statement (5), we have

Zn
e (n) = (ez‘31 * e‘zéo)(n) = e‘zszO(n)

for z € C and n € Z. Claim (6) follows from (5). Finally, we check (7) as follows. We apply
Laplace transform and formula (A.10) to get

1
o0 t Vl+7
I [ o),

A>1,
n! 0

Hdt=——,
%( ) ()Lz + 1)n+1

Page 9 of 32
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for n > 0. Then we can apply (4), (2.3), and the uniqueness of the Laplace transform to
conclude (7). O

We remark that groups generated by —V are treated in [1, Sect. 2] and cosine functions
in [16, Introduction].

We observe that when considering the Fourier transform in the context of signal pro-
cessing, the conversion from continuous-time systems to discrete-time systems is done
through the Euler transformation 1 — % In such a context, it is important to remark that
27! represents a delay in time.

3.3 The operator A4
Theorem 3.4 The operator Ayf = axf, where a := §_1 — 28y + 81, possesses the following
properties:

D) Al =

(2) Fla)(z)=z+ % -2

(3) Forall1 <p < oo, we have opwxz)(Aq) = [-4,0];

(4) The group e**(n) = e %1,(22), z € C, n € Z, and its generator is a;

(5) lle®lli=1,¢>0;

(6) ForreC\[-4,0],

L((+2) = VA2 Ay
VATt 4 '

(7) Cos(z,a) =)>,(22),z€ C, ne Z.

(A—a)(n)=2

neu;

Proof Statements (1) and (2) follow as in the previous theorems. To prove (3), observe that

1
Bur@)(Aa) = {ze(C:z=w+ ;—2,|w| :1} {ze(C z= 2( (w)—l) |w| = 1}
= {z eC:z= 2(008(9) - 1),9 €0, 27T)} = [-4,0].
To show (4), we proceed as in the previous theorems, obtaining

e“(n) = (€ * 1) x 780 ) (n) = e (! x €”1)(n)

n—j

e Z
=e 2 Z (I’l )'XN()( ( )'X No(])

j=—o0

o]

-2z Zn+j Zj -2z
=e — — =e “I,(22),
;(n+j)!j! n(22)

where we have used (A.7) in the last identity. To prove (5), we use (4) and Appendix A.2(4).
To prove (6), we apply the Laplace transform and formula (A.8) to get

(h+2) =22 +42)"
VAZ 440

for MA > 0 and n € Z. By the principle of analytic continuation we can extend the equality

_ 1 — —At ta ~ —(A+2)t _on
A =a) " (n) /0 e (n)dt = /0 e L,(2t)dt =2

to the set A € C\ [-4,0]. Finally, to show (7), we apply again the Laplace transform and
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formula (A.9) to get

(VAZ+4 -0 - (02 +2-avA2+4)"

/ e M, (28) dt = 27 A(A? - a)‘l(n),
0

VA2 +4 VA2 +4
where we have applied (6) for XA >0 and n € Z. O

We observe that groups generated by the discrete Laplacian A are treated in [21, Sect. 2]
and cosine functions in [37, Theorem 1.2]. Here we have presented a complete and al-
ternative approach using the framework of Banach algebras combined with the Laplace
transform method.

3.4 The operator A 44
Theorem 3.5 The operator Ayuf = a xf, where a := §_y — 28y + 82, possesses the following
properties:

1) 1Azl =4

2) Fl@)@=(z-21%

(3) Forall1 <p < oo, we have opwxz)(Adq) = [-4,0];

(4) e¥*(n) = e‘zzlg (22)x2z(n), z€ C,n € Z;

(5) lle™lli=1,t>0;

(6) ForreC\ [-4,0],

(A +2) = VA2 + 402
=272 m XZZ(”):

(7) Cos(z,—a)(n) =J,(22) x27(n),z€ C,n € 7Z.

(A —a)(n)

nei

Proof En view of the previous theorems, (1) and (2) are straightforward. To prove (3),
observe that

0B @)(Aaa) = {z € C:z=~4sin”0,0 € [0,27)} = [-4,0].

We show (4): To show (4), we apply the discrete Fourier transform and Theorem 3.4 ((2)
and (4)) to get

F (e 1320 x0z(m)(2) = Y e (21) () = F(e4)(2%) = ¢ = F () (2)

JjeL

for z € T, and we conclude equality (4) by the uniqueness of the discrete Fourier transform.
The equality in (5) is a consequence of (4) and Appendix A.2(4). The proofs of (6) and (7)
are similar to those of (6) and (7) in Theorem 3.4. O

Some simple computations show linear, algebraic, and dual relations between the oper-

ators defined previously, which are presented in the following result.

Proposition 3.6 The discrete operators —A, V, Ay, and A4, possess the following proper-
ties:
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(i) We have the equalities
~Ay=(V-A)=-AV;
(i) For 1 < p < 00, we have the following identities on €7 (7):

=AY =V; (V) =-4;

(A) =As; (Au) = Ada.
Proof The proofs are straightforward and left to the reader. O

In the next theorem, we present a decomposition for the Bessel function, which seems
to be new. For simplicity, for # € Z and z € C, we define

n —Nn

g, (n) = %XNO (), ga(n):= ﬁx_w).

Theorem 3.7 The Bessel function I, admits a factorization via convolution given by
1,(22) = (g, % g, )(n), neZ,zeC.

Proof We apply (4) in Theorem 3.4, Proposition 3.6(i), and Theorems 3.2 and 3.3(5), to
get

e %1,(22) = e*#(n) = e Ne ™V (n) = e (g, * g,,-) (1)
forneZandzeC. g

4 Fractional powers of generators of uniformly bounded semigroups in £'(Z)
As we have commented in the introduction, to define fractional powers in a Banach algebra
(and in operator theory) is, in general, a difficult task. Not every element in ¢!(Z) has
fractional powers. For example, §; does not have square root in £!(Z). In contrast, there
may be a continuous function f € C(T) such that (f(z))? = z for z € T.

When 0y1(7y(a) C C* and o € R, we may consider the function F(z) = 2z, which is holo-
morphic in a neighborhood of o1z (a). By the analytic functional calculus, the element

1 [ Fu(2)
FO[( ) a_ d;
a / .

2mi zZ—a

(where y is a spectral contour lying in an open set O containing the spectrum of a) exists
in the Banach algebra ¢!(Z), and F(F,(a)) = (F(a))* [35, Lemma 6.1.2]. Then F,(a) is a
fractional power of a of order «, and we write F,(a) = a®. Note that there exists a classic
way to define fractional powers of generators of uniformly bounded semigroups in Banach
spaces; see, for example, [47, p. 260-264] and [33, Example 3.4.6-7].

As the next definition shows, we may follow a general methodology to treat fractional
powers of elements in ¢!(Z), analogously to the case of operators in Banach spaces; see
[47, p. 265).
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Definition 4.1 Let0 < o < 1,and let a € £}(Z) be such that (¢*), is a uniformly bounded
semigroup, that is, sup,., [[e**|l1 < co. Then we write by (—a)* the fractional power of a

given by the following integral representation:

w1 e _ 8
(—a)* = F(—a)/o T ds.

Remark 4.2 In fact, Definition 4.1 is an analogous formula in £}(Z) of the well-known

equality

1 00 -zt __ 1
z% = ¢ dt, NRz>O0.
() Jo 1+

As an immediate consequence of this definition, we have that for O <o < 1,
F((a)*) = (-F(@)*, o((-a)*) = (o (-a)%, (4.1)
where we have applied (2.8).

It is well known that the uniformly bounded semigroup (e"“*"),~ is subordinated to

(€")=0 (principle of Lévy subordination) by the formula

00 00 4y )
et Sfra(s)e® ds = Z ( ,t) (—a)*, t=0; (4.2)
0 =0 J!

see, for example, [47, Theorem 1, p. 263]. Note that

Fle o) = g t-F @)

Now we present the fractional powers of the four elements in £!(Z) given in Defini-
tion 3.1. For a € £}(Z), note that A € B(¢/(Z)), where A(f) := a = f for f € ¢/(Z) and 1 <
p < o0o. In the case that the fractional power a* € £!(Z) for Ra > 0, we have A% € B(¢?(Z)),
where A%(f) := a® x f for f € ¢?(Z) and 1 < p < oo.

4.1 The operators (-A)* and (V)*

We define the sequence

ka(j) - F(Ol + Vl) _ (_l)n <_:)’ ne N,

I'(a)n!

fora € C\{0,-1,-2,...}; see [27, Sect. 2] and references therein. The sequence k“ satisfies
the following identity [27, Proposition 3.1]:

[e9) ‘ 1
> k()7 = g feClk=LzAL (4.3)
j=0
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The sequence k“ has been deeply investigated in several references; see, for example, [49,
Vol. I, p. 77], where A%~! = k%(n). For 0 < & < 1, note that k<™*(0) = 1 and

k=0, k(=1
j=0 j=1

see also [1, Sect. 2], where the notation A* = k™* is employed. For j large enough, k™ (j)
is of constant sign [49, Theorem 1.17] for & > 0; in particular, for 0 < o < 1, k™*(j) < 0 for
jeN.
Since —A(f) := (8o — 8_1) * f and V(f) := (8o — 81) * f for f € €P(Z), we denote
I(f = (50 - 8_1)a, I(f = (50 - 51)0‘. (44)

We have the following result concerning properties of the kernels K¢ and K“.

Theorem 4.3 Forall 0 <« < 1, we have

F(KY)(z) = <1 - %)a and F(K*)(z) = (1-2)* (4.5)
forze T and
K=Y k(s KU=Y k()8 (4.6)
j=0 Jj=0

In particular, o (K*) = 0 (K*) = {(1 — €)% | 0 € [-7, 7)}. Moreover,
[z, = &), =2
forO<a<1.

Proof Using the first identity in (4.1), we obtain

F(K) (@) = [FKD] (2) = [Z(ao—a_l)(j)zf} = (1— 3) ,

j=0

proving the first identity in (4.5). On the other hand, note that [foo k= (7)8_1(n) =

k~*(—n). Therefore, taking into account (4.3), we obtain

S P

Then by the uniqueness of the Fourier transform we conclude the first identity in (4.6). The

proof of the second identities in (4.5) and (4.6) is analogous. The property of the spectrum
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follows from the second identity in (4.1). Finally, we have that
&), =D ke ®)|=1-> k() =2,
j=0 j=1

and we conclude the proof. O

Now we consider the groups generated by the fractional powers K and K“ as elements
of the Banach algebra ¢1(Z).

Theorem 4.4 For0<«a <1 and z € C, we have

0 e} p
=€+ (Z ;k‘”’(j)) 8
j=1 \n=1 "~

ZKY

(O]
e

% [0 n
e = %8y + Z (Z Ek‘”’(j)) by
j=1 \n=1
In particular, for z € C and w € T, we have
_F( K¢ )(W) _e( )0" ( ZK* )(W)

and o (%) = o (%) = (214 | 9 € [-7, 7).

—tK¥

Moreover, the semigroups (")~ and (e )= are uniformly bounded, and

(o]

2

=1

Z( t)n K" <1, ¢>0.

n=1

Proof Note that
1<a [09) Zn oo Zn o0
e =5+ — (B0 —8.)" =50 + > ~ > ks
n=1 n=1 j=0
0 0 2
— pZ T opan(s X
. 5+Z<Z an (,>)5,
j=1 \n=

forze C.

In the case 0 < @ < 1, since —(8p — §-1) and —(8p — 1) generate uniformly bounded semi-
groups, the fractional powers —K® and —K* also generate uniformly bounded semigroups.
Then

oo

>

j=1

> o) - e

f fre s)||e (80-3 | ds</ fra(s)ds=1

for t > 0, where we have applied [47, Proposition 3, p. 262]. O

Page 15 of 32
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Now we apply the Lévy subordination principle (4.2) to a = §_; — §p or a = §; — 8o and
by Theorem 4.4 obtain the following result. Note that this formula is also obtained from
(A.12).

Corollary 4.5 Let 0 <« < 1, and let f;, be the Lévy stable process defined by (A.11). Then

Zk"’( >( l ffm(s

ds, t>0,n>1.

, we have

In particular, when o = %

N N A -
k2 (n)—— = edse’s"ds, n>1.
Z J! 0 4ms3
4.2 The operator (-A4)*
The operator (—A;)* for 0 < @ < 1, called the fractional discrete Laplacian, has been deeply

treated in [22, 23, 26, 37]. In [37, Sect. 3] the sequence (-5_; + 28y — 61)" is denoted by K7.
To follow the notation in that paper, we write

aiye 2 (a2 @ _inb gp (=1)"T"(2cx + 1)
Kam):= /ﬂ (4s1n (9/2)) e ds = Frl+a+n)l'(A+a-n)

for n € Z and « > 0 [37, Formula (22)]. In the case 1 + « + n € -Ny, Kj(n) = 0. Then
|K5 (n)] ~ —F(Zzﬂ) |n|72¢~1 as n — Fo0.

We summarize the main properties of the kernel K7 in the following result.

Theorem 4.6 For 0 <« <1, we have

f([(;‘)(z) = (2 - <z+ §)>“ = <4sin2<§)>a, z=€% €T, (4.7)

and
= K* % K" (4-8)
In particular,
K9 = Z(k:“ * k™) ()8 (4.9)
j=0

where k= (n) := k™% (-n). Moreover, o (K§) = [0,4%], and

T'(1+2a)

1€El =2 r o

Proof Identity (4.7) follows from (4.1). To show (4.8), we apply the discrete Fourier trans-
form to obtain that

F(K %K) (z) = (1 - %)au —2)% = (2— (z+ %))a = F(KS)(2)
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for z € T. Since the discrete Fourier transform is one-to-one, we obtain the equality. To
prove (4.9), we note that the right-hand side evaluated at # € Z is equal to (k=* x k%)(n),
and we have

(K= k) (m) = > k(= =)k () = Y K (n = PK*() = (K K*) (n),

Jj=0 J=0

and the result follows from (4.8). The spectrum is given in [37, Theorem 1.3 (iii)], and the
norm of K is calculated in [37, Lemma 3.2]. O

An interesting consequence is the following corollary, which seems to be a new formula

for binomials of noninteger entries.

Corollary 4.7 Let o € (0,1) and n € No. We have the following equality:

()2 (5)0)

Proof The combinatorial equality is a straightforward consequence of the explicit expres-
sion of the kernel convolutions K¢, K%, and K§. O

The following result collects the main results on the fractional discrete semigroup. For
other results, see also [37].

Theorem 4.8 For any 0 < « < 1, we have that the fractional discrete semigroup generated
by K7 is given by

K ) = (1S ()P I (2ko +1)
elm =1 ;( Y T ke s T s k=) o0

forn € Z and z € C. Moreover:

(i) The discrete Fourier transform of e *¥d is given by
o i : A2
F(e™d) (e?) = 4" g e [-x,7),z€C.

(ii) e (n) >0, and |e™ ||, =1 forn € Z and t > 0, that is, it is a Markovian
semigroup.
(i) o(e7d) = {2 G 19 e [, 7).

Proof The fractional discrete semigroup generated by —K7 is given in [37, Theorem 1.3].
There the entire group (eKi )zec is written as LY. Statement (i) follows from Proposi-
tion 2.4(ii) combined with (4.7) in Theorem 4.6. The proof of (ii) is contained in [37, The-
orem 1.3(v)]. Finally, to prove (iii), we use (2.9) in Theorem 2.6 and (4.7) in Theorem 4.6. [J

We also apply the Lévy subordination principle (4.2) to the semigroup generated by a =
8_1 — 280 + & to obtain the following result.
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Corollary 4.9 Let 0 < o < 1, and let f;, be the Lévy stable process defined by (A.11). For
neZand0<t<1,wehave

> K (_;y - /0 " e 2 1,(25) ds
j=0 '

. . 1
in particular, for o = 3,

ZK;( ( t)] / \/_e 4[32 e 51,(2s)ds.
=0

4.3 The operator (-A 44)*
Since the element (6 — 28¢ + §_,) generates a uniformly bounded Cy-semigroup, we con-

sider the fractional power (8 — 280 +8_5) for 0 < o < 1. For simplicity, we write K7, instead
of ((32 - 250 + 8_2)a.

Theorem 4.10 LetO<a < 1.
(i) We have

'2x +1) n
K%(n) = ., nel.
@) = e s DM+ a=1) OS( ”) e

(ii) K3,(2n) = K5 (n) and K3,(2n—1) =0 for n € Z.
(i) 1Kl = 200y

(iv) F(K dd)(e"’) = (4sin(0))* for 0 € [-m, ), and o (K3,) =[0,4°].

Proof (i) For n € 7, we have that

1 /g i 40( g
Kj,(n) = —/ (4 sin2(9))ae_’”9 do = —/ sin?*(0) cos(n6) do
T Jo

2 J .
'2x +1) n
= cos| =7 ),
Fl+a+ )1 +a-7) 2

where we have applied [31, Formula 3.631 (8)]. Parts (ii), (iii), and (iv) are straightforward

from part (i). O
Now we consider the entire group (e %ia) e generated by —KJ,.

Theorem 4.11 ForO<a <1, we have
Q) e—ded( ) = cos(57 ) D e k, M&% +80(n), n € 7.
(ii) e %ia(2n) = e i (n) and e’ZKdd(2n 1)=0forneZ.
(iii) e ™da(n) > 0 and ||e™ |, = 1 for n € Z and t > 0, that is, it is a Markovian
semigroup.

(iv) F(eKia)(el?) = e~2sin* @) for6 € [-m, ), and

o (¢ la) = o () = [ | ue [0,4]).

Page 18 of 32
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Proof By [47, Theorem 1, p. 263] we have that

e i (n) = /0 Foa(8)e7> I3 (25) dsxoz(n) = e (g)mz(ﬂ),

and we conclude equalities (i) and (ii). Parts (iii) and (iv) are proved from similar properties
of ea O

Remark 4.12 The spectrum of the discrete fractional Laplacian —(—A ;)% is determined by
o(—(=An)%) = [-4%,0], recovering the result of Lizama and Roncal [37], Theorem 1.3(iii).
A similar result is obtained for the operator —(—A ;;)* given by o (—(—A44)*) = [-4%,0]. For
the discrete fractional difference operators —A and V, we have o ((-A)*) = [-(1+¢'T)*] and
o (V¥) = [-(1 + &T)?], respectively.

5 Fundamental solutions for semidiscrete evolution equations

In this section, we consider the operator Bf (1) := (b * f)(n) with b € £}(Z), f € t?(Z), p €
[1,00], and # € Z. Our objective is obtaining a fundamental representation of solutions
for the following semidiscrete fractional evolution equation:

]D)‘fu(n, t) = Bu(n,t) + g(n, 1), nez,t>0,
M(H’O) = 90(”1)’ M[(I’I,O) = ¢(ﬂ), ne Z;

where B € (0,2]. For a sufficiently regular function v, we denote by Df the Caputo deriva-
tive of order § given by

DY u(t) = F(ll— 5 /0 t-s)PV(s)ds=(gip xV)(®), t>0,
forO<pB <1and
Df"(t) = l"(21— a3 /0 (t—9)PV'(s)ds = (gg_ﬂ * v”)(t), t>0,

for1< B <2.For 8 =1and 8 = 2, we consider the usual first- and second-order derivatives.
Note that

Jim Df v(t) =V (2), Jim Dfu(t) =V'(t), t>0;

however,
Jim DFv(e) = v() = v(0),  lim DEVO) =v() -/, £>0; (5.1)

see, for example, [17, 30].
To begin with, we consider the semidiscrete Cauchy problem (1.1) given in the intro-
duction,

du(n,t) = Bu(n,t) + gn,t), neZt>0, (5:2)
u(n,0) = p(n), nez, '
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and its fundamental solution, which is obviously given by Duhamel’s formula
t
u(n, t) = ' o(n) + / Eg(n,s)ds, nelZ,t>0.
0
Analogously, in the case of the second-order semidiscrete Cauchy problem

dyu(n, t) = Bu(n,t) + g(n,t), neZ,t>0,
u(n,0) = p(n), nez, (5.3)
u(n,0) = ¥ (n), new,

we have that the fundamental solution is given by D’Alembert formula

u(n, t) = Cos(t, B)p(n) + Sin(t, B)y (n) + /t Sin(t — s, B)f (s) ds,
0

where Cos(¢, B) and Sin(t, B) are generated by B.
We now consider fractional in time generalizations. Given 0 < 8 < 1, we first consider
the equation

]D)ﬁun,t =Bu(mn,t) + g(n,t), neZ,t>0,
; u(n, t) (n,t) +g(n,t) (5.4)

u(n,0) = ¢(n), ne’.

We recall that E, g(b) (with b € €}(Z)) is the vector-valued Mittag-Leffler function given
in Definition 2.2. The main result is the following theorem.

Theorem 5.1 Let ¢, € tP(Z),andletg:7Z x R, — C be such that foreacht € R,, g(,t) €
CP(Z), and supy (o [1g(-, )|, < 00 with 1 < p < c0.
(i) For0< B <1, the function

u(n, t) = (Eﬂ,l(tﬁb) * go)(n)

+ /t(t — )P (Epp((t-9)b) xg(-,5))(m)ds, nel,
0

is the unique solution of the initial value problem (5.4). Moreover, u(-, t) belong to
LP(Z) for t > 0.
(i) For 1< B <2, the function

u(n,t) = (Eﬂ,l(tﬁb) * (p)(n) + t(Eﬁ,z (tﬁb) * qb)(n)

+ /t(t - s)ﬂ_l(EM; ((t - S)ﬂb) *g(o,s))(n) ds, nel,
0

is the unique solution of the initial value problem (1.5). Moreover, u(-,t) belong to
LP(Z) for t > 0.

Proof Since the algebra £1(Z) is semisimple (see Theorem 2.1), the formulae in (i) and (ii)
are direct consequences of the scalar identities, which in case 0 < o < 1 can be found in
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[36, Sect. 3.3, formula (8)] combined with [36, Sect. 1.2]. The case 1 < « < 2 follows from
[36, Sect. 3.3, formula (11)]. See also the references therein. O

Remark 5.2 Now we consider the behavior of the solution as 8 tends to the integer param-
eter, that is, B = 1, 2. For simplicity, we consider the homogeneous case g =0. As § — 17,
the solution of equation (1.4) converges to semigroup family operators E;1(¢b), and as

B — 27, the solution of equation (1.5),
u(-,t) =Eg1(tPb) x o + tEg 5 (tPb) x ¢, £>0,

converges to unique mild solution of second-order Cauchy problem, that is, the sum of a
cosine function and a sine function generated by b; see [10, Corollary 3.14.8].

However, as in the scalar case, as § — 17, the solution of equation (1.5) converges to
u(-,t) = E11(bt) + tE15(th), t>0.
Note that this function is a solution of the following first-order modified Cauchy problem:

V(n,t) = Bv(n, t) + p(n), neZ,t>0,
v(n,0) = p(n), new,

for ¢, € ¢¢(Z). This fact is in accordance with the interpolation property of the Caputo

fractional derivative; see (5.1).

The fundamental solutions ug,; for systems (1.4) and (1.5) are obtained by requiring
that the initial value ¥ and the initial velocity ¢ be the sequences ¥ = §p and ¢ = 0. In
the case 1 < < 2 (including the wave equation), a second fundamental solution ug is
given by ¥ = 0 and ¢ = do; see [26, Remark 3.2]. A consequence of Theorems 5.1 and
2.5 is the following subordination theorem for fundamental solutions, which extends [26,
Corollary 3.5].

Corollary 5.3 Let ug, and ug) be the fundamental solutions of problems (1.4) and (1.5),
and let Y, be the Wright function defined by (A.1).
(i) Let0< B < 1. Then

oo
uﬁ,l(n,t):/ CD;;(T)uM(n,ttﬂ)dr, nez,t>0.
0
(ii) Let1< B <2. Then
Mﬁ,l(”’t)=/ @g(t)uz,l(l’l,ftg)dt,
0
t(t—u)% /°° i
ugo(n, t) = R ®p(t)urs(n,tu?)drdu
ol /om—g) [ oy Ouma(nrut)

forneZandt>0.
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Remark 5.4 The Wright function ® 1 can be expressed in terms of the Airy function Ai(z),
that is,

z
D (2) = 3%Ai<—1>, zeG;
3 33

see, for example, [28]. A integral representation of the Airy function is given by the im-

proper Riemann integral:

1 [ £
Ailx) = — / cos(E + xt) dt, xeR.
T Jo

This function appears in several applied problems, in particular, in the Schrodinger equa-
tion of quantum physics and in optics (study of caustics); see more details in [44]. By Corol-
lary 5.3(i) we conclude that

| =

Ey(£3b)(n) = 35 /OooAi(

1
)etﬁb(n)dr, neZt>0,

wal

3

for b € £1(Z).

The particular case of Theorem 5.1 with B = —(—A)%, where A is the infinitesimal gener-
ator of an uniformly bounded Cy-semigroup in B(¢”(Z)), has received a special attention.
In [34, Theorem 3.3] and [26, Theorem 3.1] the time/space fractional evolution equa-
tions (1.4) and (1.5) of orders 0 < 8 <1 and 1 < 8 < 2, respectively, are solved, where
B=—(-Ay)% and A, is the discrete Laplacian operator. Both proofs are based on the ex-
plicit expressions of vector-valued Mittag-Leffler functions Eg,1 (—t#K%), Eg2(~t?KS), and
Egg(~tPKS). As a consequence of the results in Sect. 4, we can easily give a general version,
which extends both results.

Corollary 5.5 Let ¢,¢ € tP(Z), and let g : Z x R, — C be such that for each t € R,,
g(t) € LP(Z) and supsc (o 118(+, )|l < 00 with 1 < p < 0o. For a € 0Y(Z) generating a uni-
formly continuous semigroup in €*(Z), we write (—a)* for the fractional powers given in
Definition 4.1 and B(f) := —(—a)* = f for f € t?(Z) and 0 < a < 1. Then the same represen-
tation of the fundamental solutions given in Theorem 5.1 with b = —(—a)* holds.

6 Applications
We study some concrete examples that appear in various applied fields.

6.1 The discrete Nagumo equation
Let us consider the linear part of the discrete Nagumo equation, which can be written as
follows:

osu(m, t) = Aqu(n, t) — ku(n,t), neZ,t>0,
u(n,t) = Aqu(n, t) (n,1) 6.1)

u(n,0) = p(n), nez,

where 0 < k < 1/2. The discrete Nagumo equation is used as a model for the spread of
genetic traits and for the propagation of nerve pulses in a nerve axon, neglecting recovery;
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see [48] and references therein. Using Theorem 3.4(3), we obtain
o(et(Ad’kl)) = g7 (AakD) {e” 6>0,-4-k<s< —k}.

This implies that the unique solution of equation (6.1) is uniformly asymptotically stable,
that is,

u(n,t) = e p(n) >0 ast— oo.

Moreover, using Theorem 3.4(4) and the semigroup property, we can obtain the following

representation of the fundamental solution:

n

u(n,t) = e e dg(n) = (e x e 5 g)(n) = Y (e % e24) (1 - j)o(j)
=0
n nj —k )
—e Z Z %["*ﬁl(ztw(]’)'
j=0 1=0

Since o (—(=Az)*) = [-4%, 0] (see Remark 4.12), we have that the same asymptotic behavior
also holds for the fundamental solution of the fractional Laplacian version for the discrete

Nagumo equation [37, Sect. 7]:

oiu(n, t) = —(=Ag)*u(n, t) — ku(n,t), neZt>0,

u(n,0) = p(n), nez.

6.2 The semidiscrete transport equation associated with the r-difference
operator
Let us consider the semidiscrete transport equation

osu(m, t) = ,Au(n,t), neZ,t>0,
u(n,t) = Au(n,t) 62)

u(n,0) = p(n), ne,

where r > 0, and , A is the r-forward difference operator defined by ,Af(n) := f(n + 1) —
rf(n); see [7, Sect. 5.5]. Observe that ,A = A + (1 — )], where I is the identity operator.
Then by perturbation semigroup theory the unique solution of (6.2) has the form u(n, t) =

HA+(1-r

e W (n), n € Z. By the spectral mapping (2.9) in Theorem 2.6 we obtain that

O_(et(A+(1—r)1)) _ eta(AJr(l—r)I))'

Hence by Theorem 3.2(3) we deduce that o(A + (1 = 7)) ={z € T: |z + r| = 1}. Therefore
for any r > 1, we have that the upper bound of the spectrum of B = A + (1 —r)I is negative,
that is,

Wo (A +(1- r)]) = sup{ﬂ%z:z € O’(A +(1- r)I)} <0,
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and, consequently, we obtain that for any r > 1, the unique solution of equation (6.2) is

uniformly asymptotically stable, that is,

erAt

¢| >0 ast— oo,

uniformly with respect to ||¢|| < 1. Of course, this result can be also directly deduced from

Theorem 3.2(5). Analogously, using the fact that
R(r—e”)>0 implies NR((r—e*)*)>0

forany O < < 1 and 7 > 1, we can deduce from Theorem 4.4 that the same property of
asymptotic stability remains true for the unique solution of the fractional semidiscrete

transport equation

o:u(n, t) = —(=,A)*u(n,t), neZt>0,

(6.3)
u(n,0) = ¢(n), nel.
6.3 The De Juhasz equation
We consider the following semidiscrete equation:
Opu(n, t) = Agu(n, t) — 2ku(n,t), neZ,t>0,
u(n,0) = ¢(n), neZ, (6.4)

uy(n,0) = ¥ (n), new,

where k > 0. This equation can be found in the seminal paper of Bateman [16] in con-
nection with surges in springs and connected systems of springs. We call it the De Juhasz
equation because, according Bateman’s paper, De Juhasz deduced for the first time the
modeling of such equation in mechanical theory. Following Bateman’s paper, this semidis-
crete equation is obtained when the concentrated masses on a light string are mounted on
springs arranged either along a straight line or on the circumference of a circle or helix [16,
Sect. 5, formula (5.1)]. Applying Theorem 3.4 and considering the operator B = A, — 2kI,
we obtain

o(Ag—2kI) = [-4 - 2k, -2Kk],
and therefore

o (Cos(t,B)) = {cos(t+/s) : s € [2k, 4 + 2k]}.
In particular, this implies that on the Hilbert space £2(Z), we have || Cos(t)|| < 1, and, con-
sequently, the unique solution of (6.4) when 1y = 0 must be bounded. This extends the

previous result of Bateman [16, Sect. 5], who studied (6.4) with the initial conditions {» = 0
and ¢(n) = 8o(n).
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6.4 The Caputo-Fabrizio derivative
We recall that given a sufficiently regular function # and 0 < & < 1, the Caputo—Fabrizio

derivative of order « is defined as [19]
1 -
Epeu(t) = —/ eTa 9y (s) ds.
l-«a 0

Note that the Caputo—Fabrizio derivative has been very recently used to propose a new
mathematical modeling of human liver [12], HIV [13], parallel RCL circuits [8], the Rubella
disease model [14], epidemic childhood diseases [11], and COVID-19 [15]. However, with
the exception of the implicit solution for the linear model in the scalar case, proposed by
Losada and Nieto in [38], so far no explicit formulas have been proposed for the solution
of the fractional Cauchy problem in the context of Banach algebras.

We consider the equation

EDu(n,t) = Bu(n,t) + g(n,t), neZ,t>0, 65)

u(n,0) = p(n), new,

where we recall that Bf (n) := (b * f)(n) with b € £X(Z), f € €?(Z), p € [1,00], and u € Z.

Since B is bounded, assuming that ﬁ € p(B), we obtain the following representation for

the solution of (6.5):
t
u(n, t) = T(t)p(n) + / T(t-s)h(n,s)ds, neZ,t>0, (6.6)
0

where

T(t) = eTa1--B) o125t 5 (6.7)
and

h(n,0) = (I - (1—a)B) " [(1 - @)gi(n, £) + ag(n,1)]. (6.8)

Indeed, since B is bounded, from [38, Proposition 2] and taking into account [38, formula
(8) and the explicit formula for M(«) given in Remark p. 89] we know that the unique

solution of problem (6.5) is given by the unique solution of the problem

u(n,t) = aB(I —-(1- a)B)_lu(n, t)

+ (1= (1-)B) ' [(1 - )g(n, 1) + ag(n,1)]

(note that there is a small but important misprint in [38, p. 90, L. 16], where we must read
¢’(t) instead of 6 (£)). Using the identity

(1-w)B(1-(1-w)B) ' =(I-(1-a)B) " -1,
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we obtain

w(n,t) = [IL(I— (1-o)B)" - = ]u(n, )

+(I-(1- oz)B)_1 [(1-a)g(n0) +ag(n,1)],

and hence (6.6) follows by using the classical Duhamel formula.
In terms of Banach algebras, this result reads as follows. The proof is similar to that of
Theorem 5.1 and is therefore omitted.

Theorem 6.1 Let ¢ € t7(Z), and let g : 7 x R, — C be such that for each t € R,, g(-,t) €
P(Z), t — g(t,n) is differentiable and supg o 1 1g(+$)|l, <coOwith1 <p <o0o.ForO<a <1,
assume that (1 — «)||b||1 < 1. Then the function

(n, 1) = (200Dt 4 ) (1)

+ /Ot(e“h*(‘so_(l’“)b)l“_s) xh(-,s))(n)ds, neZ,
is the unique solution of the initial value problem (6.5), where
h(n,8) = (8o — (1 —)b) ™ % [(1 - a)gi(m, 1) + ag(m,1)].

Moreover, u(-,t) belong to ¢P(Z) for t > 0.

Remark 6.2 Note that Theorems 3.2 and 3.3 say that for the discrete operators —A and
V, the condition (1 — «)||b]|; < 1 implies 1/2 < a < 1, whereas Theorems 3.4 and 3.5 tell us
that for the operators A; and Ay, we must have 3/4 <o < 1.

7 Applications to special functions

In this section, we present some new formulae obtained as applications of the results
proved in this paper. We give expressions of generalized Mittag-Leftler functions for con-
crete fractional powers. We also interpret some known formulas in terms of the Weier-
strass subordination formula. Finally, the application of subordination principle to Wright
function of some concrete difference operators allows us to obtain some new integral for-
mulae for Bessel and Wright functions.

7.1 Generalized Mittag-Leffler functions for fractional powers

As we have seen in Theorem 5.1, combinations of vector-valued Mittag-Leftler functions
in £1(Z) give the solutions of fractional evolution equations (1.4) and (1.5) with b € £1(Z).
In the case of fractional powers of elements in £1(Z), that is, b = —(-a)*, we present Corol-
lary 5.5. Taking into account Sects. 4.1, 4.2, and 4.3, we can give some particular represen-
tations of the associated Mittag-Leffers functions.

Theorem 7.1 The generalized Mittag-Leffler functions E, g for K¢, K¢, K, and K, with
y,B8>0and 0 < «a <1 are given as follows:

() Ey (27 KE)n) = 550 (-1) gk (o) xonn ()

(i) Eyp(=27K2)(n) = 32750(=1Y wrgk ™ (m) oo ()
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_ o (-1 I (2aj+1) .
(i) E, p(="KZ)(n) = (-1)" 3 ;% T(j+8) Tlajtn+ DI @j—n+1)’

. _ oo (-1yei ' (20j+1)
(iv) Eyp(=t"KGg)n) = cos(570) X% 1, 7op) Fapr T DI 3o

7.2 Weierstrass formula
A relation between cosine functions and semigroups generated by an element a € ¢!(Z)
is established by the Weierstrass formula in (2.6). Now we apply this formula to concrete
finite difference operators.

(1) Fora=48_1 — 8y or a =38, — 8y, we obtain that

1 © 52 S 3 d n ot N
— e %\ — s)ds=t"e", neNyt>0.
Vt Jo (2> Iy ’

This formula is a particular case of the general formula

a’ a2
4p2

/ e P’ (at) dt =

We_ , pER,ﬂ>O,
0

for M(v) > -1, [45, Sect. 13.3, formula (4)].
(2) Fora=38_1—28y + 81 or a=368_y — 28y + 82, we have that

1 2
— e % J5,(25)ds = e 1,(2t), neZteR.
,_JTt /0‘ 2n n
As it is commented in [37, Remark 3], this formula is a particular case of the general

equality

o0 1 7w _& a?
/ e‘ptzl\,(at)dt:— |—e %1y (—), p>0,a>0,
0 2V p 8p

for R(v) > -1 [45, Sect. 13.3, formula (5)].

7.3 Subordination principle on Wright function
In this subsection, we apply Corollary 5.3 to finite difference operators. We obtain some
known formulae, but others seem to be new; see (7.1), (7.2), and (7.3). They give some
interesting new connections between the Wright and Bessel functions.

Take a = 8_1 — 8p or a = 8; — 8 in Corollary 5.3.

(i) ForO< B <1,teC,and n € Ny, we have

(1) _ - (j+n)! Y _ o o
Eﬂ'l(t)_jzzo: i F(ﬂ(]’+n)+1)_/0 Dy(r)e " dr.

For n = 0, we obtain formula (A.4) and for ¢ = 0, formula (A.2). For 8 = %, we obtain
the following integral formula for the Airy function:

 (G+n)! ¢ ©
O S AL — f s%Ai<il>e”z"dr
TS L5 +1) Jo

1 2 jtn 1
3 ] 3 33

for n e Ng and t € C. For t = 0, we get [44, formula (3.83)].

Page 27 of 32



Gonzélez-Camus et al. Advances in Difference Equations (2021) 2021:35 Page 28 of 32

(ii) For 1< B <2,teC,and n € Ny, we have

(203 Z VG20 Nl

i (,3(j+n)+1)= 5 /0 g(t)‘["+2] 1(rt)dt (7.1)

j=0

In the cases # = 0 and # = 1, we obtain formulae (A.5).
Now take a =8_1 — 289 + 81 or a = 6_p — 280 + 8,.
(i) ForO< B <1,teC,and n € Ny, we have

3 / 2(]+n) tj+” — = —27t
;(—1)1( j )W_/o Pp(r)e "1, (2tt)dr. (7.2)

In particular, when § = 3, we get the integral formula for the Airy function:

1
3

2(]+n L_ 00 2, T e
Z( 1)’( )1"(”"+1) /0 BAL(g?I))e I,(2tt)dt

j=0

for t € C and n € Nj.
(ii) For 1< B <2,teC,and n € Ny, we have

2(j + n) £20+m) Y
g( 1)/( ; )W_fo g (D)an(2Tt) dr. (7.3)

8 Conclusions

In this paper, we investigated in an unified way fundamental solutions of the semidiscrete
Cauchy problems (1.4)—(1.5) using the theory of Banach algebras, which, as we show in this
paper, have considerable advantages compared to direct approaches since spectral prop-
erties and explicit representations can be easily available. We analyzed the backward and
forward difference operators and the one-dimensional discrete Laplacian, a new operator,
which originates in connection with crystal lattices. We have explicitly described their
associated groups and cosine functions of operators. We have presented important appli-
cations to the discrete Nagumo, transport, and De Juhasz equations, which we present in
this paper for the first time. We have obtained an explicit representation of the solution in
Banach algebras for the fractional Cauchy problem with the new Caputo—Fabrizio frac-
tional derivative. We have determined fundamental solutions for (1.4)—(1.5) in the setting
of Banach algebras and as convolution operators. As a byproduct, we have obtained new
Weierstrass formulas and a subordination principle.

Appendix: Useful properties of some special functions
In this section, we present some special functions and give some known results needed in
the paper.

A.1 Wright function @,
The entire Wright function is given by

oo
(—Z)n 1 / _ .
D)= — 2 et gy 0cacl, Al
«(@ gnlr(—an+1—a) i 1€ o Beas A1)
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where y is a contour that starts and ends at —co and encircles the origin once counter-
clockwise; see, for example, [28, formula (28)]. These functions were initially studied by
Wright [46] in connection with the asymptotic theory of partitions. For 0 < o < 1, we have
the following properties:

(i) Du(t)>0fort>0.

(i) fy° Po()dt=1.

It follows that @, is a probability density function on R, . In fact, the Wright function has
been used for models in stochastic processes; see, for example, [28, 29]. In a general sense,
as o — 17, we may interpret that &, — §;, where §; is the Delta measure concentrated in
t=1([28]).

The following formula is known for the moments of the Wright function:

'p+1)

, O<a<l,p>-1; A2
Clap+1) p A:2)

/Oooxp¢a(x)dx:

see [28].
The Mittag-Leftler function is a complex function depending on two complex parame-
ters o and B. When the real part of « is strictly positive, it may be defined by the series

o0 Zj
Eop(2) := ; m’ (A.3)

where I' is the gamma function. When § = 1, it is abbreviated as E, (z) = E4,1(2).
An interesting fact is the following relationship between the Wright function and the
Mittag-Leffler functions:

o0
Eyi(z) = / e d,(t)dt, O<a<l,zeC. (A.4)
0

Forze€ Cand 0 < o < 1, we also have

Ega,l(—z2) = / cos(zt) D, (t) dt,

0
o0
2Eza140(-2%) = / sin(zt) D, (¢) dt; (A.5)
0

see [30, formula 2.29]. For more detail on the Wright functions, we refer to [28-30, 39, 40,
46] and the references therein.

A.2 Bessel functions J, and I,
For v e R, let J, denote the Bessel function defined by

00 n 2n+v

n=0
The modified Bessel functions of the first kind are defined by

o]

1 x 2n+v

n=0
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Furthermore, from the definition of /,(x) and I,(x) it is clear that |J,(x)] < I,(x), v €
R,.

Directly from definition (A.7) we have that [,,(x) > 0, n € Z, x > 0. We recall some prop-
erties of the Bessel functions, the generating function, symmetry, and the Gegenbauer
addition formula (see [31, formula 8.511], [9]):

(1) X ,epJal®)z" = 32, 7€ C\ {0}, xeC.

(2) Ju(=x) =J_n(x) = (=1)"J ().

(3) Tnx+ %) = > renJn-k @k ().

@) Y, Lz =€), zeC\ {0}, x e C.

(5) Lu(x) = I(x) = (=1)"L ().

6) Li(x+9) =D 1cq Lk () (y).

Note that

Ji(z) = \/z sin(z), J-1(2) = \/z cos(z)
2 b4 2 Tz

[31, formula 8.464].
For v > -1 and B,« > 0, we have

* Bl =y P
fo eI, (Bt)dt = Jo , (A.8)

~ W )
fo ppyde= E I (A.9)

see, for example, [31, formula 6.611].

Forv>-1and B,a >0,

(20)(28)'T(v+3) (A.10)

RN

/ e ], (Bt)" ! dt =
0

see, for example, [31, formula 6.623(2)]. For more information on extended forms of the
Bessel function, among others, and their connections with elementary functions, see [6]
and [20].

A.3 Stable Lévy distribution f;
The so-called stable Lévy distribution is defined for 0 <« < 1 by

1 o +i00 .
frals) = Sy / e dz, 0>0,t>0,s>0, (A.11)
i )

—ioco

where the branch of z* is taken so that :(z%) > 0 for 5(z) > 0. We remark that there is no
analytical representation for the Lévy distribution, except in the case o = % An explicit
representation is given by

t =
eds , t,s>0.

fi1(s) =

72

4gr 3

These functions were introduced by Bochner [18] in the study of certain stochastic pro-
cesses. Yosida [47] used them systematically in the study of semigroups generated by frac-
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tional powers of uniformly bounded Cyp-semigroups of linear operators. The Lévy func-
tions are the density functions associated with the stable Lévy processes in the rotational

invariant case and are related to the fractional Brownian motion. The following properties
hold:
(i) Fort>0anda >0,

/ e a(M) dA = e, (A.12)
0

(ii) foa(*)=0,2>0,¢>0.

(i) fo~ fra(t)dr=1,£>0.

() firsa() = o fra O = () dpt 2> 0, £,5> 0.

W) [y efra(t)dh =t Eyg(at®), z€ C, >0,
See, for example, [47, p. 260—262]. For the interesting property (v), we refer to [2, Theo-
rem 3.2(iii)].
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