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Multi-dimensional Poisson transform and applications

Marko Kostié¢ (Novi Sad, Serbia)

(Received Aug. 25, 2024)

Abstract. In this paper, we consider several new types of multi-
dimensional Poisson transforms for the functions with values in complex
Banach spaces. We also prove some new properties of multidimensional
vector-valued Laplace transform and analyze certain connections between
the solutions of the abstract fractional partial differential equations and
the abstract fractional partial difference equations.

1. Introduction and preliminaries

Fractional calculus, discrete fractional calculus, fractional differential equa-
tions and fractional difference equations are rapidly growing fields of research
of many authors; cf. the monographs [3, 9, 10, 13, 14, 22], the doctoral disser-
tation of E. Bazhlekova [4] and the references quoted therein for more details in
this direction. Fractional differential-difference equations have received consid-
erable attention in the last three decades due to their tremendous application
potential. The theories of fractional equations on continuous and discrete time
domains are well established now and the literature on fractional differential-
difference equations rapidly grows. We will only mention here that the frac-
tional differential-difference equations are incredibly important in modeling of
various phenomena appearing in mathematical physics, viscoelasticity, optics,
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acoustics, rheology, bioengineering, control theory, electrical and mechanical
engineering and so on.

On the other hand, the twodimensional scalar-valued Laplace transform was
first considered by D. L. Bernstein [5]-[6] and J. C. Jaeger [12] (1939-1941). The
multidimensional scalar-valued Laplace transform has been considered by many
authors so far and has numerous delightful applications to the partial differen-
tial equations; for more details about the multidimensional Laplace transform
and its applications, we refer the reader to the list of references quoted in the
recent research article [18].

The vector-valued Poisson transform has been first considered in the pio-
neering paper [21] by C. Lizama, where the author has also presented some
applications of Poisson transform to the abstract fractional difference equa-
tions. The main aim of this research article is to extend some structural results
from [21] to the higher-dimensional setting. We also further analyze here the
multidimensional vector-valued Laplace transform and clarify certain relations
between the solutions of the abstract (fractional) partial differential equations
and the solutions of the abstract (fractional) difference equations of several
variables. Our main results are Theorem 2.3, Theorem 2.7 and Theorem 2.8.

The organization and main ideas of this research article can be simply ex-
plained as follows. After fixing the notation and preliminaries used in the
paper, we recall the basic definitions about the multidimensional vector-valued
Laplace transform and prove some new results in this direction; cf. Proposi-
tion 1.1 in Subsection 1.1. Subsection 1.2 recalls the basic definitions about the
multi-dimensional fractional calculus; see [18] for more details in this direction.
Our main structural results are given in Section 2, where we analyze the multi-
dimensional vector-valued Poisson transforms; the applications to the abstract
partial differential-difference equations are given in Subsection 2.1 and the ap-
plications to the abstract fractional partial differential-difference equations are
given in Subsection 2.2.

Notation and preliminaries. In the sequel, we will always assume that
n € N, (X,|-|) is a complex Banach space; N,, := {1,...,n} and [s] :=
inf{k € Z : s <k} (s € R). The finite convolution product *¢ of the Lebesgue
measurable functions a(-) and b(-) defined on [0, 00) is given by (a *o b)(t) :=
fot a(t — s)b(s)ds, t > 0. By I'(-) we denote the Euler Gamma function; we set
ga(t) :=t*"1/T(a), t > 0 and go(t) := 6(¢), the Dirac §-distribution.

Ifu e L},.([0,00)": X),j €N, aj >0and a € L},.([0,00)"), then we
define

T

o

thfu(ml,...,xj_l,mj,xjﬂ,...xn) ::/ Jo, (x5 = s)u(w1, .. Tj—1,5,Tj41, ...xn) ds,
0
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and

(a *( u) (x) := / e / ' a(a:l — 81y ey Ty — sn)u(sl, ...,sn) dsy -+ ... dspy,
0 0

for any x = (z1,...,2,) € [0,00)".

Further on, if a > 0, then the Cesaro sequence (k*(v))yen, is defined by

I'v+a)

k% (v) := Tyl

v € Np.
It is well-known that, for every o > 0 and 3 > 0, we have k% x¢ kf = k5.
Define k°(0) := 1 and k°(v) := 0, v € N; then we have &k xq k# = k*+8 for all
a, f=0.

If (ux) is a sequence in X, then the Euler forward difference operator A is
defined by Auy := ug+1 — ug. The operator A™ is defined inductively; then,
for every integer m > 1, we have:

Ay, = zm:(—l)m_j (T) Ut -

Jj=0

Ifj = (j1, .-, Jn) € Nj and k = (kq, ..., k,) € Nj, then we write j <k if and
only if j,, < ky, for all 1 <m < n. If the sequences (ay)keny and (by)keny are
given, then we define (a *q b)(-) by

(@xob)(k):= Y b, keNg.
JENG;i<k

It can be simply proved that the convolution product *g is commutative and
associative. Further on, if a(-) is a given sequence in X which depends on the
variables vy, ..., v,, then we define

Avia(vl7 e, V4, ...,vn) = a(vl, ey U5 + 1, ...,’Un) — a(vl, e, Vf, ...,vn).

After that, we set A2 | a:= A, A, aand A2 a:= A, A, a; the terms

Ui’L)J'
\

|
g, @ and Avf‘l o @

am
are defined recursively, as for the partial derivatives of functions (a; € Ny;
|a] = a1 +...4ay). It is worth noting that, for every permutation o : N,, = N,,,
we have
Al a=al o
1)11~...'U""a ”afl()l)""'vo:vgl) “

as easily approved. Many other important results of mathematical analysis, like
Green’s formula in the plane and Gronwall inequality, have analogues for the
difference operators; see [7, pp. 23-25, 43-44] for more details in this direction.
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1.1. Multidimensional vector-valued Laplace transform

Suppose that f : [0,400)" — X is a locally integrable function. Then the
multidimensional vector-valued Laplace transform of f(-), denoted by F(-) =

f = Lf, is defined through

F(Ah () An) = TEIEOO o7 eikltli"'iknt"f(tl, ceny tn) dty ...dt,

= / e M T T At £ (4 ) diy . d,
[0,4-00)"

if it is well-defined. Our basic assumption henceforth will be:

(GR) f(-) is Lebesgue measurable and there exist real constantsw; € R, ..., w,, €
R, m € (-1,400), ..., Mp € (—1,400) and (G € (—1,+00), ..., ( €
(=1, 400) such that
Hf(tl,...,tn) < M(t}“ +t§1) e (tzn +t,§") exp(wity + ... + wnty),

(1.1) for a.e. t1 >0,..., t, > 0.

In this case, the Fubini’s theorem implies that the function F'(Aq, ..., A,,) is well-
defined for ®A; > wq, ..., R\, > w, and the Lebesgue dominated convergence
theorem implies that F'(-) is analytic in this region of C™ (see [11] for more
details about analytic functions of several complex variables).

The collection of all Lebesgue measurable functions f(-) which satisfies con-
dition (GR) forms a vector space with the usual operations. Furthermore, if
f(-) satisfies (GR) with X = C, ¢ : [0, +00)™ — X is Lebesgue measurable and
there exist real constants w14 €R, ..., wpng ER, M 4 € (—1,400), ..., N g €
(—1,400) and (1,4 € (—1,400), ..., (n,g € (—1,+00) such that

= ()

Hg(tl,...,tn) (
for a.e. t1 >0,..., t, >0

tzn,g + t%nvg) eXp(ngtl + ...+ wn,gtn)7
b

then the pointwise product [fg¢](-) also satisfies (GR), provided that
(1.2)  min{nig+nj Njg + Gy Go s Got Gl <i<nt> -1

In our recent research article [18], we have proved the complex inversion
theorem for the multidimensional vector-valued Laplace transform. Now we
will state and prove the following statements concerning the multi-dimensional
Laplace transform, which will be sufficiently enough for our later purposes (cf.
also the statements of [2, Theorem 1.5.1, Proposition 1.6.4], which will not be
fully generalized to the multi-dimensional setting here):
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Proposition 1.1. (i) Suppose that f : [0,+00)" — X satisfies (GR). Then

we have
(1.3)
v1 Un
F(vlvwvn)()‘la“w)\n) - (71)U1+...+’U7L L L o f('lv"'v n) (Al,“-,)‘n)a
’Ul! Un!
for RA1 > wq, ..., RNy, > wy, and (v, ..., v,) € Nj.

(ii) Suppose thata € L}, ([0,+00)™) satisfies (GR) with X = C, the constants
w1 €ER, ..., w, € R and the constantsn € (—1,400), ..., Ny € (=1, +00)
and ¢ € (—1,400), ..., {, € (—1,+00) replaced therein with the con-
stants m o € (—1,400), ..., Mna € (—1,400) and (1,4 € (—1,400), ...,
Cnya € (—1,400). Suppose, further, that f € L}, ([0, +00)" : X) satisfies

(GR) with the same constants w1 € R, ..., w, € R; then (a* f)(-) €
L} ([0, +00)") satisfies (GR) and we have:

loc
(14) E(a *0 f) (Al, ceey )\n) = L:a()\l, ceey )\n) . ‘Cf()‘h ceey >\n);
for RAL > w1y, ..y RN, > wpy.
Proof. Keeping in mind the estimate (1.1), the part (i) follows from a simple
application of the Lebesgue dominated convergence theorem. It can be simply
shown that (a* f)(-) is Lebesgue measurable; furthermore, a simple computa-

tion involving the Fubini’s theorem and the identity g.*ogq = ge+q for ¢, d > 0
shows that there exist positive real constants M, M; > 0 such that:

H(a xo f) (21, ,:I:n)H < Mm™ exp(wlxl + .+ wnmn)

Z1 Tn
. / e / ((301 — )"+ (2 — tl)CI) - (($n — )" + (2, — tﬂ)%)
0 0

X (t’fl +t§1) (tgn +t§;) dty - ... - dt,

< M7 (x;'“ + x?;l) Ce (x?l"‘l + x%"”) exp(w1T1 + ... + Wny ),
where 7j,1 = min(njq +7; + L0 + G + 1,Ga + 15 +1,¢a + ¢ + 1) and
Cj;l = Inax(nj7a+77j+1, nj,a+Cj+la Cj,a+7]j+la Cj7a+<j+1) fOI‘ 1 S ] S n. The
formula (1.4) can be deduced following the lines of the proofs of [8, Theorem 3.1,

Theorem 4.1], where the author has considered the double Laplace transform
in the scalar-valued setting. |

1.2. Multi-dimensional fractional calculus

In this subsection, we recall the basic definitions about the multi-dimensional
generalized Hilfer fractional derivatives and differences ([18]).
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If 6(t) denotes the Dirac delta distribution, then we set fot o(t—s)f(s)ds =
f(t). Suppose first that u : [0,00) — X is locally integrable, & > 0, m = [«
a € L} ([0,00)) or a(t) = (t), and b € L}, .([0,00)) or b(t) = §(t). Set v, (t) :=

loc loc

—_—

fot a(t — s)u(s)ds, t > 0. The following extension of the usual Hilfer fractional
derivative D®?u(t), when a(t) = 91— (m—a)(t) and b(t) = gaum—a)(t) for
some (3 € [0, 1], has recently been introduced in [20] (for 8 = 0, resp. 8 =1,
we get the usual Riemann-Liouville fractional derivative D%u of order «, resp.,
the Caputo fractional derivative D& u of order «):

Definition 1.2. The generalized Hilfer (a,b, «)-fractional derivative of func-
tion u(-), denoted shortly by Dg ,u, is defined for any locally integrable function
(m—1)

u(+) such that the function wvg (t) is locally absolutely continuous for ¢ > 0,
by
(1.5) D2 yult) = (b %0 uff“))(t), ae. > 0.

We similarly define the above notion for locally integrable functions defined
on the finite intervals [0,T] and [0,T"), where T' > 0.

Assume now that u : Ng = X, >0, m = [a],a: Ny = Cand b: Ny — C.
The following notion is a discrete version of the notion considered above:

Definition 1.3. The generalized Hilfer (a,b, a)-fractional derivative of se-
quence u(-), denoted shortly by Af ,u, is defined by

AZ yu(v) := (b 0 A™ (@ %o u))(v), v € No.

If 0 < B < 1, then the usual Hilfer fractional derivative A®5u of order o
and type 0 is defined as the generalized Hilfer (a, b, «)-fractional derivative of
u(-), with a(v) = kA=A =) (y) and b(v) = K= (v); for B = 0, resp. B = 1,
we get the usual Riemann-Liouville fractional derivative A%u of order «, resp.,
the Caputo fractional derivative A&u of order a. Set

Dg’bu ‘=ax%b*yu and Agﬁbu = a %0 b *q u.

Assume now that 0 < T < +oo and I; = [0,7}), I; = [0,T}] or I; = [0, +00)
for 1 <j<n.SetI:=1I xIyx..xI,. Suppose that u:I — X is a locally
integrable function and, for every j € N,,, a; € L}, (I;) or a;(t) = &(t), and

b;j € Li,.(I;) or bj(t) = 6(t). Suppose further that ; > 0 for all j € N,,. Define

loc
a:=(aq,...,a,) and

(1.6)

D;bu(xl, - xn) = ngll,bl (Dg;b2 < <Dg‘:’bnu(-, - )> >>] (xl, ...,xn),
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for a.e. (z1,...,2,) € I, provided that the right hand side of (1.6) is well-
defined. Here, we suppose that the variables x1, xo,...,x,_1 are fixed in the
computation of the term Dg:’bnu(xl, ey Tp)s -, as well as that that the vari-
ables zo, x3,...,x, are fixed in the computation of the final term on the right
hand side of (1.6). We call Dgu the multi-dimensional generalized Hilfer
(a, b, a)-fractional derivative of the function u(-). If for each j € N, we have
DZ:] b, = DR , resp., for each j € N,, we have D = DC7 then the cor-
responding partial fractional derivative ]D)O‘b is called the multi-dimensional
Riemann-Liouville fractional operator (cf. also [22, pp. 340-342]), resp., the
multi-dimensional Caputo fractional operator.

In the discrete setting, we suppose that u : N — X, a; : Ny = C and
b; : Ng — C are given sequences (1 < j < n). We define

Ag‘ll,bl <A:22,b2 ( (AZ‘: b, ( s ey )) ))] (vl, ...,Un),

for any (v1,...,v,) € Nf; note that the right-hand side of (1.7) is always
well-defined. We call Agu the multi-dimensional generalized Hilfer (a, b, a)-
fractional derivative of the sequence u(+); the multi-dimensional Riemann-Liouville
fractional difference operator A% and the multi-dimensional Caputo fractional
difference operator Ag are deﬁned similarly as above.

(1.7)

Ag pu(vr, . vp) =

In the sequel, we shall primarily use the fractional partial derivatives of the
Riemann-Liouville or Caputo type.

2. Multi-dimensional Poisson transforms

In this section, we will continue our recent investigation of Poisson like trans-
forms and explain how the already established results and ideas can be simply
transferred to the multi-dimensional setting. Suppose that u : [0,00)" — X is
a given locally integrable function and the value of

[P(u)](v) == [P(u)](vl, ...,Un)

x'll)l van

L —T1—...—T n

= e 1 n ﬁu(l'l,...wfl'n) dxl dedl.n
[0,00)"

1]1! Un-

is well-defined for all v; € Ny, ..., v, € Ng. We call the mapping u — P(u) the
multi-dimensional Poisson transform; in terms of the multidimensional vector-
valued Laplace transform, we have
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Un

[P(u)] (vl, ...,vn) = (ﬁ l;vll, C ﬁu(ol, - n)] ) (1,...,1), (vl, ...,vn) e Ng.

We can simply prove that
f[o,oo)"Hu(ajl’ oy @) || dwy das .. day, < +oo implies ZVGN{,‘H[P(U)](V)H < +o0.

We will analyze the multidimensional vector-valued Z-transform of sequences
and its applications in our forthcoming paper [19], where we will also extend
the statement of [21, Theorem 3.1] to the multi-dimensional setting. Now we
will reconsider [21, Theorem 3.4] in the multi-dimensional setting:

Theorem 2.1. Suppose that a € L}, ([0,+00)") satisfies (GR) with X =
C, the constants w1 € (—o0,1), ..., wy, € (—00,1) and the constants n; €
(—1,400), ..., mp € (—1,400) and (1 € (—1,4+00), ..., {n € (—1,+00) replaced
therein with the constants 1,4 € (—1,400), ..., Mpqe € (=1,4+0) and (1,4 €
(—1,400), .oy Cna € (—1,+00). Suppose, further, that f € L, .([0,+00)™ :
X) satisfies (GR) with the same constants w1 € (—o0,1), ..., w, € (—00,1).
Then [P(ax*o f)](v1, ..., Un), [P(a)](v1, ..., vn) and [P(f)](v1, ..., vn) exist for any
(U1, ..., 0) € NG furthermore, we have

(2.1)

[P(axo f)](v1,...;vn) = [P(a)](v1, .oy vp) - [P(f)](v1, oy 0n), (01, ..., 0n) € NG.

Proof. By Proposition 1.1(ii), we have that (a*o f)(-) € L}, ([0, +00)™) satis-

fies (GR) and (1.4) holds. Tt is clear that [P(a*o f)](v1, ..., vn), [P(a)](v1, ..., Un)

and [P(f)](v1,...,v,) exist for any (v1,...,v,) € Njj. Set now G := L(a *q f).
Then we have:

[P(axq f)](v1,...,v0) = (—1)“1+----+”ni. s G (1 1)

(_1)v1+----+vn

vyl y!

B (_1)v1+...+vn <Ul) <run>
V1t eee " Upt jeNT<v n In

x [La)Ur—dtevn=in) (1, 1) - [Lf]Gremdn) (1, 1)

- T () ()i s o

"'jeNg;jgv n In

X (01 = ) e (00— )Lt o Gl P@) (v — ) - [POOIG)

A1y dn)=(1,...,1)

= > [P@)v—))-[PNOIG), (01, v0) € NG,

JeNg;i<v
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where we have used Proposition 1.1(i)-(ii) and the Leibniz rule. This proves
(2.1) and completes the proof. |

Remark 2.1. In the formulation of [21, Theorem 3.4], we must additionally
assume that the Laplace transform of function |a|(-) exists at the point 1. Only
in this way, we can apply [2, Proposition 1.6.4] as an essential ingredient in the
proof of [21, Theorem 3.4], which does not work if abs(a) < 1 < abs(|al); here,
we use the same notion and notation as in [2].

2.1. Applications to the abstract partial differential equations

In this subsection, we will present some applications of multidimensional
vector-valued Poisson transform to the abstract partial differential equations.

Let us formally set (zV/v!) := 0, if —v € N. We start with the following
illustrative example:

Example 2.2. Let us consider the partial differential operator u, 4,4, (-, ), in
the dimension n = 2, and let us assume that the partial derivatives uz, 4,4, (-, ),
Ugyzy (55 +), Usy (-, +) and the function u(-,-) are continuous on [0, 00)?, as well as
that

Uy 212 (J;l,xg) = g(ml,xg), (J;l,xg) €[0,00)2.
Let v; € Ny and vy € Ny be fixed. Applying the Fubini’s theorem and the
partial integration with respect to the variable x5, we get:

—T1—x 33‘1 33‘2
/. o 1D (e (01,22 d

v1+2
(22) _ / e~ T1— T2 -T11
[0,00)2 (v1 +2)!

provided that

52

:L.’L)2+1
2 2
— 22 gy, (71, 22) day day,

(U2 + 1)' ’UQ!

x?}2+1

: —x 2 o
(2.3) xgl—lfﬂooe QWUmzl (x1,$2) =0, 120

and the both double integrals in (2.2) converges absolutely. Applying the Fu-
bini’s theorem and the partial integration two times more, with respect to the
variable x1, we get:

xil)1+2 1212+1
—T1—T2
/[0 00)2 € (v1 +2)! (v2 + 1)!11411112 (xh $2) dzy de
(2.4)
v1+2 vy 41 v vz +1 v2
— —T1—x2 xll -9 ‘Tl xl 1'2 _ $2 d d
/[0700)2 c (i +2) "+ ol ||t vl wlwr, wz) day das,
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ie.,

A3, P(u)

TiT2

—T1—x €z €
(7)1,1)2) :/ e 2 ,9(251,352) dzy dz,
[0,00)2 )

provided that (2.3) holds, as well as

xv1+2
lim e 4, (z1,22) =0, x5>0
1 ——+00 (U1+2)' Il( b 2) ’ 2=
v1+2 v1+1
. _ x T
lim e ™t L L u(xl,xg):o, x9 >0,

(1 +2)! (v +1)!

T1—>+00

the second integral in (2.4) converges absolutely and the integral

/ 6—581—582
[0700)2

converges absolutely.

V2

)
(vg + 1)! B vy! ] Uz, (Il, mz) dx1 dzs

v1+2 v1+1
Ty Ty

(v1 +2)! (v1 + 1)

vo+1
Lo

In general case, one can use the Fubini’s theorem and the partial integration
in order to see that the following result holds true:

Theorem 2.3. If D is a non-empty subset of Nij, A, is a closed linear operator
on X for all o € D, and

(2.5)
ZA 0%u (131 r ): ZA u(o‘)(ﬂh z >:g($1 x )
aa%?l ’...'ax%n yrmmn @ yortm ey )y
aeD aeD

for any (z1,...,x,) € [0,00)", then we have

Z Aq {AL?II -...-u,‘i"P(u)] (v1, .., vn)

aeD
xU1+C¥1 mvn+an
= e T R —— Tl Xp) dzi das ... dz
/[o,oow (v1 +ay)! (vn+an)!g( 1)y ¥n) d21 s ... dan,

for any (v1,...,v,) € N@, provided that u : [0,00)" — X is continuous, the
integral on the right hand side of the above equality absolutely converges and, for
every v € N, (vy,...,v,) € N§ and for every multi-index o = (a1, ..., ) € D,
we have:
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0. The integral

v1! Up!

U1 Un
/ emm—mza X I Agul® (xl, ,xn) dxy dxs ... dx,
[0,00)“'

s covergent and the integral

ZCvl {IJU"
/ e_”“_‘“_”’“% S L'u(") (ml, ...,xn)dxl dxs ...dx,
[0,00)™ V1! Up-

18 convergent;
1. For every multi-index (a, ..., tp—1,7n), where 0 < 7, < a,, the mapping

g1t tan_1+vn,,

oy “n—1g9_vn
Oxy t-...-0x, " " Oz,

is continuous on [0,00)",

.,L.Il)l TVn
/ e—xl—...—xnil.._..i' u(a17~..7an—17’)’n) (1'1, 7:1;71) ‘ d$1 d(EQ dxn < 400
[0,00)™ (R Un:
and, for every multi-index (aq, ..., atp—1, Bn), where 0 < B, < au,, we have
v a1 +...+an, _14+8n
2, T ot n—1TPng,
lim e =" T1,.0%n) =0, 21 >0, 22>0,..., xp_1 > 0;
Tp—rF00 vl 9t ~...~8mzﬁjlaxﬁ”( b ) poTtE T T s e S =

2. For every multi-index (o, ..., Yn-1), where 0 < yp,_1 < an_1, the map-
. g1t trn—1, . .
ping Py is continuous on [0,00)™,

n—1
U1 v
i —a T i
e T xnili U(al"”"yn_l)(ﬂjl, 7xn) ‘dl‘l dxo d.ﬂ?n < 400
[0,00)™ ’()1! vn!
and, for every multi-index (aq, ..., Bn—1), where 0 < Bh_1 < ap_1, we
have
*T’v—l ao‘1+"'+ﬁ"’lu
lim e %n1 TL' ~ 5 (xl’ ’:Cn) =0,
Tn—17>+00 vt 9t L 0zt

1 >0, 20 >0,..., £, 2>0, x,, > 0;

eey

n. For every integer 1 € [0, 1], the mapping (07 u/dz]") is continuous on
[0, 00)",

v1 Un Y1

R x oMu

e T 2L T W () || day das . dx, < 400
| | Y1

[0,00)™ V1! Unp - 8$1

and, for every integer f1 € [0, 1), we have

v 9B1
lim e_x1$16 Y

o im Eax—fl(xl,...,xn) =0, 2220, z3>0,..., z,, > 0.
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Observe only that the prescribed assumptions imply, due to the assumption
[0.], the closedness of the operators A, and [14, Theorem 1.2.3], that

o xU1+011 xanran
ZAa e T T Tn 1 e n u(a)(zl,...,xn) dxl dIQdIn
aep  Jl0o0)m (v1 +an)! (vn + an)!
vitag v ta
—T1—..— T fEll Inn n
_/[0 oo)n6 1 ('1)1“1‘0[1)! (Un+an)!g(x17”'7x”) dxl dIden

for any (x1,...,x,) € [0,00)", so that the required conclusion follows similarly
as in Example 2.2, by means of the assumptions [1.]-[n.].

Remark 2.2. Tt is worth noting that we consider the equation (2.5) without
initial conditions. If, for every multi-index o« = (a1, ..., ) € D, we impose the
initial values

8(X1+---+an71+ﬁnu
(:L'lw"axnfho)u Z1 > 07 T2 > 07“‘7 Tp—1 > 03

un(xh...xn,l) =

xSt - .. Dzl Oxhr
in [1.], ...,
0P
U (.’E27 7xn) = ?(07‘%‘27 "'7xn)7 T2 Z 07 Zs3 Z 07"'7 Tn 2 07
1

in [n.], then the value of

I1111 IL”U"
/ e T T n R U"' g(a:l, ...,xn) dxyidxs ... dz, (vl, .y Up) € NT,
[O,W)n' 1. n:

can be computed in a similar manner. Details can be left to the interested
readers.

We will illustrate Theorem 2.3 with two well-known examples:
Example 2.4. If t = 1, x = z2, v1 =1, v2 = J, a;; = [Pu|(4,7) and
Ut = Ugy, TESP., Utt = Ugy,
then
(2.6)
Qi jy2 = 204141 — G415, TeSP., — 2011 j42 + Q12 = —20i42 541 + Giy2 j,

for any 7, j € Ny, provided that the requirements of Theorem 2.3 hold. Con-
cerning the uniqueness of solutions of differences equations in (2.6), we will only
note here that the first of these equations is uniquely solvable for (i,5) € N3,
provided that the initial values a; ¢ and ag ; are given for all 4, j € Ny, as well as
that the second of these equations is uniquely solvable for (i, j) € N2, provided
that the initial values a; 0, a1, ao,; and a; ; are given for all ¢, j € Npy.
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Example 2.5. In many published research articles by now, the authors have
analyzed the well-posedness and qualitative properties of solutions to the fol-
lowing abstract (degenerate) higher-order differential equation

Apu™ () + Ay u V@) + L+ Agu(t) = f(£), t>0,

where A; are differential operators with constant coefficients on the space X =
LP(R™), where 1 < p < +o0; cf. [14], [23] and references cited therein for more
details in this direction. If we set t = x; and denote the variables in LP(R™) by
X2, ...,Tnt1, we can provide a great number of applications of Theorem 2.3 to
the abstract partial differential equations with constant coefficients, by applying
also certain changes of variables with respect to the variables zo, ..., 5 41.

In order to avoid any form of repeating and plagiarism, we will only empha-
size here the following important issues about the multi-dimensional Poisson
like transforms:

(i) Tt is worth noting that Theorem 2.3, Example 2.2 and Example 2.4 can
be simply reformulated for the Poisson like transform

[Pal,u.,an (u)} (v):= [Pal,..‘,an (u)] (Ul, ...,vn)

Un

U1
v x x
= g M maAn®n 1 T u(xl, ,xn) dxy dzs ... dz,,
[0,00)™

v1! vy

where a; > 0 and v; € Ny for 1 < j < n. In such a way, we can extend
[16, Theorem 4] to the higher-dimensional setting. The statement of
[16, Theorem 5] can be also simply transferred to the higher-dimensional
setting by the use of the Weyl convolution product (a o b)(-); cf. [16] for
the notion.

(ii) Following our consideration from [16], where we have considered the Pois-
son like transforms for not exponentially bounded functions, we can also
put forward to consideration the following multi-dimensional transform:

[Paabyw,j (“)] (v) = [Pa,b,w,j (u)] (vl, - vn)

= / 67b1(a1931)j1*"‘71)"(‘1'”93'”)].”
[0,00)™

(wimg)™ (Wnp)®

' ' u(:vl,...,xn) dxi dxs ... dz,,
V- Un-

where a5 € R, by € R\ {0}, ws € R\ {0}, js € N and v, € Ny for
1 < s < n. Applying the partial integration, we can simply show that for
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each multi-index (a1, ..., o) € N we have

1,y O 1,00
[Pa,b,w,j (u( 1 n—1 n)):| ('Ul + Q1,0 Une1 + Qpp—1, U + an)
oo 10— 1
= —wn |:Pa,b,w,j (u(‘“ n—1,e ))] (V1 + @1, oo Vo1 + A1, U + 0y — 1)

. 1 Un + Qp + .n —1)! « a Qo —
_j’_']na;zlnbn( (U +aj )' ) |:Pa,b,w,j (u( 10009 ®¥n—1,Qn 1)):|
n nj-.

(U1 + A1y ey U1 + Qi 1, U + Oy + G — 1), (v1,...,0n) € Ny,

under certain logical assumptions. Proceeding in this way, we can find
a form of the abstract nonautonomous difference equations of several
variables which corresponds to the abstract partial differential equation
(2.5).

(iii) In [16], we have also examined the following Poisson like transform:

(wt)'~3

————u(t)dt, v €,
L(v+ 1) ®)

+oo b . i

e — t 1)

V= Yabegw (V) 1= / e blet™ Fat)
0

where a € R, b, ¢, w € R\ {0} and j € N. The interested readers may
try to introduce some multi-dimensional analogues of this transform as
well as to reconsider Theorem 2.3 in this framework.

(iv) Tt is well known that a class of boundary value problems for the partial
differential equations depending of variables x1 and x5, where 0 < z; < T
and x9 > 0, can be solved using the Fourier series and the method of
separation of variables. The Poisson transforms can be also defined and
analyzed for the functions defined on the closed rectangles; we can also
prove an analogue of Theorem 2.3 in this framework.

2.2. Applications to the abstract fractional partial differential equa-
tions

In this subsection, we will present some applications of the multidimensional
vector-valued Poisson transform to the abstract fractional partial differential
equations.

We start with the following illustrative example:
Example 2.6. Suppose that n > 2, u; : [0,+00) — C is a locally integrable

function (1 < j <n—1) and u, : [0,+00) = X is a locally integrable function.
Set u(x1,....,xn) == u1(x1) oo - up(zy), 1 > 0,...,2, > 0. Then an elementary
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application of the Fubini’s theorem shows that
(2.7)
[P(u)} (vl, ....,vn) = [P(ul)} (vl) e [P(un)} (Un), (vl, ....,vn) e Ny,

provided that the integrals which define all terms in (2.7) converge abso-
lutely; here, we do not make any terminological difference between the multi-
dimensional Poisson transform with respect to the variables v, ..., v, and the
one-dimensional Poisson transform with respect to the variable v; (1 < j < n).

Suppose that f : [0,+00) — X is a locally integrable function, o > 0 and
m = [a]. Then a careful inspection of the proof of [1, Theorem 5.5] shows that
the following equality holds true:

[P(D )] (0 +m) = A% [P()](v), v N,

provided that h = g, _o *o f € C™ ([0, +00) : X), h™~1)(.) is locally abso-
lutely continuous on [0, +00) and there exist real numbers M > 0 and w € (0,1)
such that |A™)(t)|| < Me** for a.e. t > 0. In [16], we have proved the following
formula:

[P(DEF)| @ +m) = A*[P()] (0)

(_1)v+m+1 m—1

.\ a— 1 — o lao—KkK—v—m (k) v
o 2 @I TR ek )£9)(0), v e Ny,

under certain reasonable assumptions. Using the last two formulae and (2.7),
we can simply compute the multi-dimensional Poisson transform of the frac-
tional partial derivatives D%u forms from the compositions of the Riemann-
Liouville fractional derivatives of functions u;(-) for j € J; and the Caputo
fractional derivatives of functions u,;(-) for j € Jo, where N,, = J; U J. For
example, if J, = 0, a1 > 0,...,a, > 0, @ = (a1, ..., ) and m; = [a;] for
1 < j <n, then we have:

P(‘D%Txl Tt Dla%y,,xnu) ('U] + mi, ..., Up + mn)

— [P(Dw)

(vl —|—m1) _— P(D%”un)

_ pe [P(un)] (1) - - 2% [P () | (v0)

= :AO‘P(u)} (v1,.svn),  (v1,.5vn) € NG,

(1 + )

under the following conditions:
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(i) The integrals which define the terms P(D%!, -...-D®", u), P(Dg'u1), ...,
P(D%uy,), P(u), P(uy),... and P(uy) converge absolutely;

(ii) The functions A1 = Gmy—ay *0 U1 (*); sy By = g, —a,, %0 Un(-) are (m—1)-
times continuously differentiable on [0, +00), the functions hgml*l) (), s

h%m”_l)() are locally absolutely continuous on [0,+00) and there exist

real numbers M > 0 and w € (0, 1) such that ||h§m1)(t)|| < Me*! for a.e.
t>0(1<j<n).

We continue by stating the following general result (for simplicity, we denote

henceforth D%{xl C D%Txnu = u(®):

Theorem 2.7. Suppose that u : [0,00)" — X is a locally integrable function,
the term u(®) is well-defined and the following conditions hold true:

(i) The integral which defines the term [P(u(®)](vy 4+ m1, ..., vy + my) con-
verges absolutely for all (vy,...v,) € Nj.

(i) The function hy = J{fl_alD%?mz-...-D%?’xnu(xhwg, e @y) € C™71([0, 400)
X), hgml_l)() is locally absolutely continuous on [0, +00) and there exist

real numbers M > 0 and w € (0,1) such that ||h§m1)(t)|| < Me*t for a.e.
t>0.

(iti) The integral

1 v2+ma Vp My
/ e T1TT2 7. " Ty Ty Loy . . Ty
[0,4-00)" v1! (vg + mo)! (U, + mp)!
@ @
X DRme e DRf‘znu(xl,xg, ,xn) dridzs ... dx,

converges absolutely for all (vy,...v,) € Np.
(iv) For every j € {2,...,n — 1}, the integral

Vj Vi1 41

1 . . Vp+Mp
/ e L1—T2— . ~Tn Ty . . CL‘] $J+1 . . Tn
[0,400)" ! ;! (Vi1 +mjp)! (v +mp)!
a; o
X Dy e DR*fznu(wl, T2,y Tn) day dag ... dy,

converges absolutely for all (v1,...v,) € NJ and the term which defines
the term [P(w)](v1, ..., vn) converges absolutely for all (vq,...v,) € Nj.

(v) For every j € {3,...,n}, we have

hj = ij*lfaj*lD%{xj-...-D%’,‘xnu(z‘l,xg, ,xn) € C™i—171([0, +00) : X),

tj,1
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(mj-1—-1)
h; !

real numbers M > 0 and w € (0,1) such that ||h§mj*1)(t)” < Me** for
a.e. t > 0.

(+) is locally absolutely continuous on [0,400) and there exist

Then we have

(2.8)
[p(u(a))} (Ul +mi,...,v, +mn) = {AQP(U)] (111, ...,vn), (vl, ...,vn) e Ng.

Proof. Keeping in mind condition (i), we can apply the Fubini’s theorem in
order to see that

(@) x;2+m2 xvn—i-mn
P(ua )} v+ My, ey Uy + M :/ e T2 T cs—
[ ( " ) [0,-+00)n—1 (v2 +ma)! (Un +mp)!
+oo ‘,Lﬂl)l"!‘ml
- @ Qn
X /0 e wlmDRfl’l '...‘DRyxnu(.Tl,xQ,...,xn) dfl}'l ded.Tn

Due to (ii)-(iii), we can apply [1, Theorem 5.5] and the Fubini’s theorem to
obtain that

[P(u(a))} (v1 +mi, .., Uy + mn)

vo+mao Untm
= / e—wz—...—a:n ',1:2 . . (Enﬂ n
[0,400) =1 (vg + ma)! (Uy +mp)!
+oo 2V

@ -z 1 a a

P PA / e ™1 L DR?zQ N DR’,L%u(a:l,zg, ,xn) dxi | dxo ... dz,,
0 1-
v2tmz Vptmn,
e T T
:Agll/ e~ T2~ &n 2 — " '
[0,+00)" 1 (v2 + ma)! (Un + my)!
+oo !
—z171 oz . Qn
) /0 ‘ ’Ul'Dsz DRaInu(xhx??“'vxn) dzq| dxy...dz,
V1 v2+ma Untm,

_ A(n/ e—ml—mz—._,_gg"-fil T . . xln 5
- x “es

1 [0,400)™ v1! (v2 + ma)! (v + )]

« Qn

X DR?w2 R DR@nu(xl,xg, ,xn) dxy dxsy ... dx,.

Keeping in mind the remaining assumptions and repeating the above procedure,
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we get:

[P(u(o‘)ﬂ (111 +m,...,vn + mn)

v1 v2+ma Vp+my,
_ Aal e—zl—mg—...—xn ‘rl .732 . 3 xn
S Tn vl (vg +m2)! 7 (v, +my)!
[0,+00)™ 1- (02 2): n n):
« Qn
X Dg?, c e Danu(xl,xg, ,a:n) dxydxs ... dx,
v1 .02 v3+ms Vp+My,
— AalAOZQ/ 67117127...717,,1‘1 ZU2 133 . . xn
x €T cen
" J10,400)m v1! va! (v + m3)! (v, + my)!
el o
X Dg?, e DR7xnu(x1,x2, ...,mn) dxydxs ... dx,
— [e5} a2 «
=AZTAZZ - AR
V1 .
P zln
x/ e 1T r2T m"—1| ”'u(asl,xg,...,zn) dxy dxs ... dx.,,
[0,+00)™ Uy Up -
which completes the proof. |

Now we will state and prove the following analogue of Theorem 2.3 for the
fractional partial derivatives of the Riemann-Liouville type:

Theorem 2.8. Suppose that D is a non-empty subset of [0,+00)™ and A, is
a closed linear operator on X for all a € D; if « = (a1, ...,a,) € D, then
we set m; = [a;] for 1 < j < n. Suppose further that (2.5) holds for a.e.
(@1, ..., ) € [0,00)™. Then we have

Z A, {AO‘P(u)} (vl, e vn)

aeD

.,L,"ljl“l’ml xvn"l‘mn

_ —ZT1—...— . . n

_/[\0 : e n (v1+m1)' (vn+mn)|g(x17...7$n) dxy dy ... dxy,,
L00)™ : )

for any (v1,...,v,) € Ny, provided that the following conditions hold true:
(i) Condition [0.] from the formulation of Theorem 2.3 holds;
(ii) For every multi-index o = (o, ..., ) € D, (2.8) holds true.

Proof. Using conditions (i)-(ii) and [14, Theorem 1.2.3], the required state-
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ment simply follows from the next computation:

. . x7;1+m1 xzﬁ—mn
— —T1—...—Tn L.
7/['0 Oo)ﬂe ('Ul +m1)' (U7L+m7L)!g(x1’“.’$n) dl‘l d‘TQd'I:n
/ x7;1+m1 pintmn ( )( )
= e T1T T %n e w A (1, ..., 20n) dx1 dzo ...
[0,00)" (v1 +m1)! (v + my)! anD @ T
v1+my Up My
_ —zy——xp L1 . . Ty ()
= E Aa/ e (w1 £my)! on )!u (xl,..,,mn)dmld:vg...
aeD [0 1 1 n n

=3 AP (u)] (01 + sy v+ )

aeD

= Z A [AQP(U)] (v1,...,vn), (v1,...,vn) € NG.

aeD

dxy

dxn,

It is worth noting that Theorem 2.8 can be successfully applied to the
fractional partial equations considered in [18, Subsection 5.1, Subsection 5.2];
cf. also [22, Chapter 5].

3. Conclusions and final remarks

In this paper, we have examined the multi-dimensional Poisson transforms
and some connections between the solutions of the abstract (fractional) differ-
ential equations and the abstract (fractional) difference equations depending
on several variables. For the proofs of some structural results, we have used
the basic properties of the multidimensional vector-valued Laplace transform.

We close the paper with the observation that the existence and uniqueness
of almost periodic type solutions for various classes of the abstract integro-
differential-difference equations depending on several variables will be analyzed
in the forthcoming research monograph [15].
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